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CROSS REFERENCES TO RELATED APPLICATIONS 

The present application is a continuation-in-part of co-pending U.S. Patent 
Application Serial No. 1 0/032,702, filed December 28, 2001 . The entire contents of 
the application is incorporated herein by reference in its entirety. 

5 BACKGROUND OF THE INVENTION 

Photonic crystals including, for example, low loss periodic dielectrics allow 
the propagation of electromagnetic energy, for example, light, to be controlled in 
otherwise difficult or impossible ways. They are of great interest in the field of 
electromagnetics because certain types of photonic crystals exhibit a photonic band 

10 gap or stop band. The band gap defines a range of frequencies at which 

electromagnetic radiation striking the crystal is reflected by the crystal rather than 
being permitted to propagate through the crystal. 

The typical photonic crystal is a spatially periodic structure. One well-known 
photonic crystal is formed of multiple elements of a dielectric material arranged in a 

15 three-dimensional lattice. Other crystals exhibit two-dimensional periodicity in 

which elongated, for example, cylindrical, elements made of dielectric material are 
arranged in a two-dimensional periodic pattern with their longitudinal axes parallel to 
each other. In these crystals, the dimensions of the lattice structures and the 
dielectric elements are selected to produce band gaps having desired center 

20 frequencies and bandwidths. Electromagnetic radiation at a frequency within the 
band gap is reflected from the structure via, for example, the Bragg reflection 
phenomenon. 

The development of photonic crystals, structures with band gaps that prevent 
the propagation of light in a certain frequency range, has led to several proposals of 

25 many novel devices for important applications in lasers, opto-electronics, and 
communications. These devices, however, require the fabrication of photonic 
crystals allowing confinement of light in three dimensions. Moreover, the 
dimensional period of the features in a structure must be on the order of microns in 
order to control light of wavelengths typical in opto-electronics and other 

30 applications. 
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The market for optical networking components is one of the fastest growing 
segments of the data and telecommunications equipment and infrastructure industry. 
However, as recent market conditions have illustrated, most optical component 
manufacturers cannot scale manufacturing costs to meet industry demands due to the 
5 inherent limitations of the hand-assembly methods employed for their predominantly 
hybrid-component product lines. Moreover, even if these component suppliers 
introduce automated assembly methods, the level of cost reductions required to fuel 
industry growth cannot be achieved due to barriers that limit hybrid-architecture 
manufacturing capability. Further, component vendors who are trying to implement 
10 integrated component architectures are typically doing so with technologies that are 
not scalable to achieve increasingly higher levels of integration and the ensuing cost 
reductions. There is a need for technologies with the ability to scale, to enable 
photonic component and device architectures that can fuel the growth of optical 
networking components which provide continual reduction in functional cost. 

1 5 SUMMARY OF THE INVENTION 

The systems and methods of the present invention includes the manufacturing 
of integrated photonic circuit devices using deposition processes such as, for 
example, supercritical fluid deposition (SFD). The present invention further includes 
the coupling of photonic crystal structures and planar waveguides to provide high 

20 performance, low-cost and scalable photonic components. 

Preferred embodiments of the methods in accordance with the present 
invention produce high quality metal, metal oxide, polymers, semiconductor and 
metal alloy deposits of precisely tailored composition in the form of thin films, 
confonnal coatings on topologically complex surfaces, uniform deposits within high 

25 aspect ratio features, and both continuous and discrete deposits within microporous 
supports. Moreover, the absence of surface tension inherent to supercritical solutions 
ensures complete wetting of surfaces of varying complexities. 

Preferred embodiments of these devices include optical filters, waveguides 
permitting tight bends with low losses, channel-drop filters, efficient LEDs, and 

30 enhanced lasing cavities. 
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In accordance with a preferred embodiment a photonic crystal structure 
includes a substrate having a surface characteristic and at least a first material 
disposed over the surface characteristic. A preferred embodiment includes the first 
material conformally covering the surface. 
5 The first material is disposed using deposition processes such as, but not 

limited to, supercritical fluid deposition processes. The surface characteristic can be 
a patterned substrate wherein the patterned substrate has submicron features. The 
features have an aspect ratio of between approximately five and thirty. Further, the 
first material can be one of at least a metal, a semiconductor, a polymer, a monomer, 

10 a mixture of metals, a metal dioxide, a metal sulphide, a metal nitride, a metal 
phosphide, a metal fluoride, a metal carbide, a metal chloride and metal alloys. 

The photonic crystal structure of a preferred embodiment includes a silicon 
wafer, and/or a silicon wafer having a silicon dioxide cladding layer. In a preferred 
embodiment, the photonic crystal structure forms a thin film filter. In alternate 

1 5 preferred embodiments the photonic crystal structure forms an integrated circuit. 

A preferred embodiment of the present invention is an integrated waveguide 
device which includes a substrate having a first refractive index characteristic, a 
material disposed over the substrate having a second refractive index characteristic, 
and forming a waveguide layer. A second material is disposed at least within the 

20 first material having a third refractive index characteristic wherein the second 
refractive index characteristic is greater than the first and third refractive index 
characteristics. The integrated waveguide device further includes a cladding layer 
disposed over the first material. The integrated waveguide device has a waveguide 
layer having dimensions between approximately 4x4 \im 2 and 7x7 jam 2 . The 

25 integrated waveguide device of a preferred embodiment includes the second material 
deposited in one of a plurality of at least holes, trenches, ribs, posts and/or cylinders. 
In a preferred embodiment, the aspect ratio of the plurality of holes is between 
approximately five and thirty. 

In a preferred embodiment of the integrated waveguide device the first 

30 ^material has at least one patterned array of submicron features wherein the second 
material is deposited therein. 
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In accordance with another aspect of the present invention, a photonic crystal 
filter includes an input waveguide which carries a signal having at least one 
frequency including at least one desired frequency, an output waveguide, and a 
photonic crystal resonator system coupled between the input and output waveguides. 
5 The resonator is operable for the adjustable transfer of at least one desired frequency 
to the output waveguide. The photonic crystal filter is a fixed single-wavelength 
filter in one preferred embodiment. The photonic crystal filter is tunable for 
wavelength and polarization. 

In a preferred embodiment, the photonic crystal filter includes a multi-cavity 

10 Fabry- Perot resonator. In the alternate, the photonic crystal filter includes a 

photonic crystal resonator system which is a single cavity Fabry- Perot resonator. 
The photonic crystal filter includes a photonic crystal resonator which has a first 
photonic crystal mirror and a second photonic crystal mirror, the second photonic 
crystal mirror is spaced from the first photonic crystal mirror to form a resonant 

15 cavity. In a preferred embodiment, the first and second photonic crystal mirrors are 
a two-dimensional hexagonal structure* In an alternate embodiment the first and the 
second photonic crystal mirrors are a three-dimensional structure. 

In accordance with a preferred embodiment, the photonic crystal filter is a 
tunable filter wherein a change in a refractive index characteristic of the photonic 

20 crystal resonator system provides for tuning of the filter. The refractive index can be 
controlled by using one of either thermal optics, electro-optics, magneto-optics and 
piezo-optics means. 

According to another aspect of the present invention, the photonic crystal 
filter has a photonic crystal resonator system which includes a photonic crystal that 

25 is a three-dimensionally periodic dielectric structure. In an alternate embodiment, 
the photonic crystal filter includes a photonic crystal that is a two-dimensionally 
periodic dielectric structure* Further, another embodiment includes a photonic 
crystal resonator system having a one-dimensionally periodic photonic crystal 
structure. 

30 In accordance with another aspect of the present invention, a photonic crystal 

wavelength router includes at least a first input waveguide, at least a first output 
waveguide, a chromatic dispersion compensator, at least one wavelength division 
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multiplex filter and photonic crystal reflectors. In a preferred embodiment the 
photonic crystal wavelength router further includes a power tap disposed therein. 
The photonic crystal wavelength router includes a material with tunable dielectric or 
absorbing properties. The photonic crystal wavelength router includes one of at least 
5 a one-dimensionally periodic photonic crystal, a two-dimensionally periodic 
photonic crystal or a three-dimensionally periodic photonic crystal. 

In another preferred embodiment, a photonic crystal dynamic optical 
add/drop multiplexer includes a plurality of input waveguides, a plurality of output 
waveguides, a plurality of photonic crystal resonator systems disposed between the 

1 0 plurality of input waveguides and plurality of output waveguides, and a photonic 
crystal reflector coupled to the plurality of photonic crystal resonator systems. 

Another aspect of the present invention includes a photonic crystal optical 
add/drop multiplexer having an input waveguide, at least a first output waveguide, 
an optical performance monitor, a photonic crystal wavelength router, and a 

1 5 dispersion compensation mo dule. 

A method of producing an integrated photonic circuit device, includes 
providing a substrate with a surface characteristic and a first refractive index 
characteristic, disposing at least a first material with a second refractive index 
characteristic onto the surface characteristic, wherein the second refractive index 

20 characteristic is higher than the first. The method of producing an integrated 
photonic circuit device further includes etching the surface characteristic of the 
substrate to form a plurality of features such as cavities having an aspect ratio 
characteristic and depositing a second material having a third refractive index 
characteristic in the plurality of cavities, the second refractive index characteristic 

25 being higher than the first and the third refractive index characteristic. The aspect 
ratio characteristic of the features is between approximately five and thirty. The 
method also includes disposing a cladding layer over the first material. The first 
material comprises, but is not limited to, amorphous silicon doped with increasing 
dopants. The method can also include oxidizing the first material. 

30 In another preferred embodiment, a periodic three-dimensional photonic 

crystal structure includes a substrate having a surface characteristic, at least one thin 
film deposited on the surface characteristic to result in a multi-layer photonic crystal, 
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the multi-layer photonic crystal being adapted to have an induced variation in an 
index of refraction characteristic and wherein a plurality of the multi-layer photonic 
crystals are placed in a stack configuration. Further, a material is deposited in-situ 
using supercritical fluid deposition processes into interstitial gaps formed in the 
5 stack configuration. The substrate in a preferred embodiment is spherical in shape. 
A method of fabricating an integrated photonic circuit device, includes 
providing a substrate having a surface characteristic and a first refractive index 
characteristic depositing a film over the substrate, fabricating a waveguide structure 
having a second refractive index characteristic, fabricating a lattice structure, and 

10 providing a lattice fill having a third refractive index characteristic. The second 
refractive index characteristic is higher than the first and third refractive index 
characteristic. The film comprises an undercladding including a thermal oxide. The 
waveguide structure is deposited using a plasma enhanced chemical vapor 
deposition process. The step of fabricating a waveguide structure further comprises 

1 5 guide mask deposition. 

The foregoing and other features and advantages of the system and method of 
manufacturing integrated photonic circuit devices will be apparent from the 
following more particular description of preferred embodiments of the system and 
method as illustrated in the accompanying drawings in which like reference 

20 characters refer to the same parts throughout the different views. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a substrate coated with a prior art deposition process; 

Figure 2 illustrates the results of a prior art method of sealing interstitial gaps 
in the substrate layer; 

25 Figure 3 illustrates another prior ait method of sealing interstitial gaps in the 

substrate layer; 

Figure 4 illustrates a preferred embodiment of a substrate coated with a 
method of supercritical fluid deposition in accordance with a present invention; 

Figure 5 A illustrates preferred embodiment of a guided wave thin film filter 
30 in accordance with the present invention; 
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Figure 5B is a cross sectional view of a patterned substrate resulting from 
supercritical fluid deposition nanostructure processing in accordance with a 
preferred embodiment of the present invention; 

Figure 5C is a cross section of a planar waveguide structure in accordance 
5 with a preferred embodiment of the present invention; 

Figure 6 illustrates a preferred multilayer embodiment of photonic crystals in 
accordance with the present invention; 

Figure 7 illustrates a preferred embodiment of a stack configuration of 
multilayer photonic crystals in accordance with the present invention; 
1 0 Figure 8 illustrates a preferred embodiment of a stack configuration with in- 

situ deposition in accordance with the present invention; 

Figure 9 is a diagram illustrating a preferred embodiment of an integrated 
planar and fiber waveguide device in accordance with the present invention; 

Figure 1 0 illustrates a preferred embodiment of a multilayer lens device in 
15 accordance with the present invention; 

Figures 1 1 A and 1 IB illustrate preferred embodiments of mode conversion 
devices in accordance with the present invention; 

Figure 12 is a preferred embodiment of a device having cavities formed by 
skewed deposition techniques in accordance with the present invention; 
20 Figures 1 3 A- 1 3C are preferred embodiments of devices having skewed axis 

elements such as, for example, a detector and source in accordance with the present 
invention; 

Figure 14 illustrates a preferred embodiment of a wavelength division 
multiplexer (WDM) processing circuit in accordance with the present invention; 
25 Figure 1 5 is a preferred embodiment of a mode-matching device in 

accordance with the present invention; 

Figure 16 is a preferred embodiment of a method for manufacturing 
structured fibers in accordance with the present invention; 

Figure 17 illustrates a preferred embodiment of a device manufactured with 
30 thick depositions on device surfaces using supercritical fluid deposition methods in 
accordance with the present invention; 
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Figures 18A through 18D illustrate a method of stacking two different media 
through a deposition/etch cycle in accordance with the present invention; 

Figure 19 is a preferred embodiment of an integrated circuit device including 
partial reflectors, beam splitters and lenses in accordance with the present invention; 
5 Figure 20 illustrates a Fabry- Perot cavity structure in accordance with a 

preferred embodiment of the present invention; 

Figure 21 illustrates graphically the transmission spectra of a Fabry- Perot 
resonant cavity in accordance with a preferred embodiment of the present invention; 

Figure 22 is a top view of a waveguide Fabry- Perot filter using photonic 
1 0 crystal' mirrors in accordance with a preferred embodiment of the present invention; 

Figure 23 graphically illustrates the reflectivity of a preferred embodiment 
photonic crystal Fabry- Perot reflector versus wavelength for both polarizations, 
transverse electric (TE) mode and transverse magnetic (TM) mode, optimized for C- 
band operation; 

15 Figure 24 illustrates a sectional view of a double cavity Fabry- Perot structure 

in accordance with a preferred embodiment of the present invention; 

Figure 25 graphically illustrates the transmission spectrum in a double cavity 
Fabry- Perot structure wherein the x axis is expressed in wavelength (nm) in 
accordance with a preferred embodiment of the present invention; 

20 Figure 26 graphically illustrates the transmission spectrum in a single cavity 

Fabry- Perot structure wherein the x axis is expressed in wavelength (nm) in 
accordance with a preferred embodiment of the present invention; 

Figure 27 is a graphical illustration of the transmission spectrum for full 
width at half maximum (FWHM) in a double cavity Fabry- Perot structure, wherein 

25 the x axis is expressed as a frequency differential and 25 GHz corresponds to 0.2 nm 
in accordance with a preferred embodiment of the present invention; 
Figure 28 graphically illustrates a transmission spectrum for FWHM in a single 
cavity Fabry- Perot structure wherein the x axis is expressed in frequency differential 
and 25 GHz corresponds to 0.2 nm, in accordance with a preferred embodiment of 

3 0 the present invention; 
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Figures 29A-29C illustrate the relation between electric vectors in successive 
layers of double or single cavity Fabry- Perot structures, in accordance with preferred 
embodiments of the present invention; 

Figure 3 OA is a sectional view of a tunable filter in accordance with a 
5 preferred embodiment of the present invention; 

Figure 3 0B is a graphical illustration of a tuning spectrum for a 25 GHz space 
dense wavelength division multiplexer (DWDM) by using a direct tuning method in 
accordance with a preferred embodiment of the present invention wherein Xc = 1550 
nm, An = ±2x 10" 4 ; 

1 0 Figure 3 1 is a graphical illustration of the numerical comparison between a 

direct tuning method and a resonant tuning method to account for vernier effects in 
accordance with preferred embodiments of the present invention; 

Figure 32 graphically illustrates the spectral plots for the refractive index (n) 
and the absorption coefficient (k) for copper dioxide (CU2O) in accordance with a 
1 5 preferred embodiment of the present invention; 

Figure 33 graphically illustrates the spectral plots for the refractive index (n) 
and absorption coefficient (k) for copper dioxide (CuO) in accordance with a 
preferred embodiment of the present invention; 

Figure 34 graphically illustrates a portion of the spectral plots for the 
20 refractive index (n) and absorption coefficient (k) illustrated in Figure 33, in 
particular for a wavelength range of 1 to 2 pm in accordance with a preferred 
embodiment of the present invention; 

Figure 35 graphically illustrates the spectral plots for the refractive index (n) 
and absorption coefficients (k) for lead sulphide in accordance with a preferred 
25 embodiment of the present invention; 

Figure 36 graphically illustrates the spectral plots for the refractive index (n) 
and absorption coefficients (k) for titanium dioxide in accordance with a preferred 
embodiment of the present invention; 

Figure 37 graphically illustrates a portion of the spectral plots for the 
30 refractive index (n) and absorption coefficient (k) for the wavelength range of 1-2 \im 
in accordance with a preferred embodiment of the present invention; 
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Figure 38 graphically illustrates the spectral plots for the refractive index (n) 
and absorption coefficient (k) for zinc selenide (ZnSe) in a preferred embodiment of 
the present invention; 

Figure 39 graphically illustrates a portion of the spectral plots illustrated in 
5 Figure 38 for the wavelength range of 0.5 to 1.5 Jim; 

Figure 40 graphically illustrates the optical properties (n and k) at 1.55 
microns for different materials of interest in accordance with preferred embodiments 
of the present invention; 

Figures 41 A and 41B graphically illustrate the real and imaginary values of 
10 the dielectric constants for metals such as gold, copper, silver and aluminum in 
accordance with preferred embodiments of the present invention; 

Figure 42A is a preferred embodiment of a tunable filter in accordance with 
the present invention; 

Figure 42B and Figure 42C are cross-sectional views of the filter illustrated in 
1 5 Figure 42A in accordance with a preferred embodiment of the present invention; 

Figure 42D is a sectional view and a view along the lines A-A in accordance 
with the preferred embodiment illustrated in Figure 42A; 

Figures 43 A and 43B illustrate a preferred embodiment of a tunable filter 
having two-dimensional photonic crystals and the related directions of propagation, 
20 respectively, in accordance with the present invention; 

Figures 44A and 44B illustrate a three-dimensional photonic crystal tunable 
filter along with a diagram of the direction of propagation in accordance with a 
preferred embodiment of the present invention; 

Figures 45 A and 45B illustrate a preferred embodiment of a multicavity 
25 tunable filter in accordance with the present invention; 

Figure 45 C is a graphical plot of reflectivity versus wavelength for a mirror 
used in the filter described with respect to Figures 45A and 45B; 

Figures 46A and 46B graphically illustrate the reflectivity in the transverse 
electric mode and transverse magnetic mode of tunable filter devices in accordance 
30 with a preferred embodiment of the present invention; 

Figure 47 is a preferred embodiment of a dual wavelength tunable filter in 
accordance with the present invention; 
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Figures 48 A and 48B illustrate a preferred embodiment of an optical add/drop 
multiplexer device and the directions of propagation respectively in accordance with 
the present invention; 

Figures 49A and 49B illustrate a preferred embodiment of an optical add/drop 
5 multiplexer using a three-dimensional photonic crystal tunable filter and the related 
spectrum respectively in accordance with the present invention; 

Figure 49C is a view of a three-dimensional photonic crystal structure 
realized by a lithographic pattern and exemplary angle-controlling etching methods in 
accordance with the present invention; 
10 Figure 49D is a cross-sectional view of elements in a three-dimensional 

photonic crystal structure realized by a lithographic pattern and exemplary wet-dry 
mixed etching technologies in accordance with a preferred embodiment of the 
present invention; 

Figure 50 illustrates a dynamic four port optical add/drop multiplexer in 
1 5 accordance with a preferred embodiment of the present invention; 

Figure 51 illustrates a multi-port wavelength router in accordance with a 
preferred embodiment of the present invention; 

Figures 52A and 52B graphically illustrate the levels of cross talk in a single- 
cavity filter and a multi-cavity device in accordance with preferred embodiments of 
20 the present invention; 

Figure 53 A illustrates a multi-functional device including at least an optical 
add/drop multiplexer, and an optical monitor in accordance with a preferred 
embodiment of the present invention; 

Figure 53B is a schematic view for a 2 x 2 wavelength router with a tap 
25 mirror in accordance with a preferred embodiment of the present invention; 

Figure 54A illustrates a schematic of an integrated photonic crystal device 
having zero-radius waveguide bends in accordance with a preferred embodiment of 
the present invention; 

Figure 54B graphically illustrates the reflectivity versus the wavelength for 
30 the photonic crystal reflectors in the device illustrated in Figure 54A. 

Figure 55 is a preferred embodiment of a variable optical attenuation spectral 
equalizer array in accordance with the present invention; 
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Figure 56 is a cross-sectional view of the spectral equalizer array illustrated 
with respect to the preferred embodiment in accordance with the present invention in 
Figure 55; 

Figures 57A and 57B graphically illustrate the spectrums at the input port and 
5 the output port of the preferred embodiment illustrated in Figure 55; 

Figure 58 illustrates a preferred embodiment of a resonant coupled waveguide 
structure in accordance with the present invention; 

Figure 59 illustrates a schematic view of an asymmetric Fabry- Perot cavity (Gires- 
Toumois etalon) in accordance with a preferred embodiment of the present invention; 
1 0 Figure 60 graphically illustrates the phase of the reflection of the light beam 

versus wavelength at R - 0.9 and d - 20 X c/n in accordance with a preferred 
embodiment of the present invention; 

Figure 61 graphically illustrates the group velocity dispersions (ps/GHz) in 
the reflected light versus wavelength for R = 0,95 and R = 0.9 in accordance with a 
15 preferred embodiment of the present invention; and 

Figure 62 graphically illustrates the group velocity dispersion compensation 
(ps/nm) tuning in the reflected light beams versus wavelength in accordance with a 
preferred embodiment of the present invention. 

Figure 63 graphically illustrates the photonic bandgap effect, refractive index 
20 and the C-band Bragg dimensions in accordance with the present invention. 

Figure 64 A is a schematic view of an integrated multiple resonant cavity 
compensator in accordance with a preferred embodiment of the present invention. 

Figure 64B illustrates graphically the numerical results of time delay (ps) 
versus relative wavelength (nm) at a wavelength of Xc = 1544 nm in a cascaded 
25 Gires-Tournois structure in accordance with a preferred embodiment of the present 
invention. 

Figures 65 A and 65 B are schematic diagrams of integrated circuit functional 
blocks integrated in application specific circuits in accordance with preferred 
embodiments of the present invention; 
30 Figures 66A and 66B are diagrams illustrating a module-on-a-chip, for 

example, a multiplexed ROADM Optical node application and a multi-channel 



BNSDOC1D: <WO. 



.03G5B307A3JA: 



WO 2003/058307 PCT/US 2002/04 159 2 

-14- 

ROADM metro access application, respectively, in accordance with a preferred 
embodiment of the present invention* 

Figure 67 graphically illustrates the spectral plots for the refractive index (n) 
and the absorption coefficient (k) with respect to wavelength for silicon dioxide 
5 (silica) in accordance with a preferred embodiment of the present invention. 

Figures 68A and 68B is a top view and a cross-sectional view, respectively, of 
a one-dimensional photonic crystal in photonic lightwave circuits in accordance with 
a preferred embodiment of the present invention. 

Figure 69 graphically illustrates the reflection spectrum of one-dimensional 
10 photonic crystals composed of silica as the waveguide material and silicon as the 
fdling material at the normal and 10° incidences of light in accordance with a 
preferred embodiment of the present invention. 

Figure 70 graphically illustrates the reflection spectrum of a one-dimensional 
photonic crystal composed of silica and oxide material (n — 2.5), having a period of 
15 1 .54 |im and the same value of di and 6.2 in accordance with a preferred embodiment 
of the present invention. 

Figure 71 illustrates a general cascaded N-cavity of a Gires-Tournois structure 
in accordance with a preferred embodiment of the present invention. 

Figure 72 illustrates a view of a cascaded Gires-Tournois cavity with a 
20 photonic lightwave circuit for chromatic dispersion; compensation in which the input 
and output are separated in accordance with a preferred embodiment of the present 
invention. 

Figures 73A-C illustrate a plurality of characteristics for a sample oxidized at 
700° C, such as ellipsometric data and optical constants along with a XPS depth 

25 profile for a thermally oxidized sample in accordance with a preferred embodiment 
of the present invention. 

Figure 73 D illustrates a flowchart of a method for fabricating a three- 
dimensional photonic crystal structure in oxide materials based on waveguide 
oxidation in accordance with a preferred embodiment of the present invention. 

30 Figures 74A-74D illustrate the methods for fabricating a three-dimensional 

photonic crystal structure in oxide materials in accordance with preferred 
embodiments of the present invention. 
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Figures 75 A-75D illustrate a method for fabricating three-dimensional 
photonic crystal structures using planar etch techniques in accordance with a 
preferred embodiment of the present invention. 

Figures 76 A and 76B illustrate the method of fabricating a photonic crystal 
5 structure by defining the photonic crystal followed by filling of a waveguide structure 
in accordance with a preferred embodiment of the present invention. 

Figures 77A-77D illustrate a method of manufacturing a photonic crystal 
waveguide device in which both the photonic crystal and waveguide are etched in 
one step in accordance with a preferred embodiment of the present invention. 
10 Figures 78A-78F illustrate a method for manufacturing a planar waveguide 

device with integrated photonic crystal structures using oxidized waveguides in 
accordance with a preferred embodiment of the present invention. 

Figures 79 A-79D illustrate a method for fabricating GaAs, InP or other III-V 
photonic crystals embedded in silicon oxide materials in accordance with a preferred 
1 5 embodiment of the present invention. 

Figures S0A-80J illustrate cross-section views of a preferred embodiment of a 
photonic integrated circuit fabrication process flow in accordance with a preferred 
embodiment of the present invention* 

Figure 81 is a top level flow chart of a method for fabricating a photonic 
20 crystal device in accordance with the Figures 80A-80J of the present invention. 

The drawings are not necessarily to scale, emphasis instead being placed upon 
illustrating the principles of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 
25 The system and methods of the present invention are directed to 

manufacturing integrated photonic circuit devices. Preferred embodiments of the 
devices in accordance with the present invention are manufactured using chemical 
fluid deposition processes and in particular embodiments employing supercritical 
fluid deposition processes* 
30 Supercritical fluid deposition (SFD) is a surface wetting deposition process 

that applies a uniform conformal coating. SFD enables the fabrication of one- 
dimensional* two-dimensional and three-dimensional photonic crystal structures* 
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materials and devices. SFD further enables the layering of materials in directions 
skewed relative to the deposition surface normal. Critical photonic devices such as, 
for example, but not limited to, spectral filters, mode and polarization matching 
filters, wave formers and cavity mirrors include layered media. Conventional 
5 deposition processes produce layers that fill interstitial gaps according to, for 

example, surface tension constraints. The conventional deposition processes struggle 
with having sufficient quantities of reactants and/or control of conditions under 
which reactions occur only on the surfaces and tend to minimize deposition layer 
bends. Figure 1 illustrates a substrate coated with a conventional prior art deposition 

10- process. The layers 14, 16, 18, having different indices of refraction m, n 2 and n 3 , 
respectively, are deposited over a substrate 12. 

Figure 2 illustrates the results of a prior art method of sealing interstitial gaps 
in the substrate layer. Gaps such as gap 24, in the substrate layer 22 are sealed by 
prior art deposition techniques. Figure 3 illustrates another prior art method of 

15 sealing interstitial gaps. The gap 36 is filled with a fluid In contrast, the SFD 
process conformally coats surface bends and distortions as illustrated in Figure 4 
which illustrates a preferred embodiment of a coated substrate 42 in accordance with 
the present invention. The coating layer 44 has a particular index of refraction and is 
conformally applied over the substrate, 

20 Chemical, or SFD methods as described in U.S. Patent No. 5,789,027 issued 

on August 4, 1998 to Watkins et aL, entitled "Method of Chemically Depositing 
Material Onto A Substrate," and in International publication WO 01/32951 A2, 
having an application number PCT/US 00/3 0264 filed on November 2, 2000 by 
Watkins et al., entitled "Chemical Fluid Deposition for the Formation of Metal and 

25 Metal Alloy Films on Patterned and Unpattemed Substrates", the entire teachings of 
both being incorporated herein by reference, are used in preferred embodiments of 
the methods of the present invention. 

A method for depositing a material onto a substrate surface or into a porous 
solid is referred to herein as chemical fluid deposition (CFD) or SFD. CFD involves 

30 dissolving a precursor of the material into a solvent under supercritical or near- 
supercritical conditions and exposing the substrate (or porous solid) to the solution. 
A reaction reagent is then mixed into the solution and the reaction reagent initiates a 
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chemical reaction involving the precursor, thereby depositing the material onto the 
substrate surface (or within the porous solid). Use of a supercritical solvent in 
conjunction with a reaction reagent produces high purity thin films at temperatures 
that are much lower than conventional Chemical Vapor Deposition (CVD) 
5 temperatures. 

Preferred embodiments of the present invention include a method for 
depositing a film of a material, for example, without limitation, a metal, mixture of 
metals, metal dioxide, metal sulfide, insulator, polymer or monomers which can be 
subsequently cross-linked to form a polymer, or semiconductor, onto the surface of a 

10 substrate, for example, a silicon wafer or preprocessed silicon wafer, as containing a 
patterned silicon dioxide surface, by dissolving a precursor of the material into a 
solvent, for example, carbon dioxide, under supercritical or near-supercritical 
conditions to form a supercritical or near-supercritical solution; exposing the 
substrate to the solution under conditions at which the precursor is stable in the 

15 solution; and mixing a reaction reagent, for example, hydrogen, into solution under 
conditions that initiate a chemical reaction involving the precursor, for example, but 
not limited to, a reduction, oxidation, decomposition or hydrolysis reaction, thereby 
depositing the material onto the surface of the substrate, while maintaining 
supercritical or near-supercritical conditions. 

20 For example, the method for supercritical fluid deposition can be conducted 

so that the temperature of the substrate is maintained at no more than approximately 
200° C, 225° C, 275° C or 300° C The solvent has a reduced temperature between 
0,8 and 2.0, the solvent has a density of at least 0.1 g/cm 3 , the solvent has a density of 
at least one third of its critical density, or the solvent has a critical temperature of less 

25 than 150 a C. In addition, preferred embodiments of the method in accordance with 
the present invention can be carried out so that the temperature of the substrate 
measured in Kelvin is less than twice the critical temperature of the solvent measured 
in Kelvin, or so that the temperature of the substrate measured in Kelvin divided by 
the average temperature of the supercritical solution measured in Kelvin is between 

30 0,8 and 1 .7. A preferred embodiment of the method of SFD can also be conducted 
such that the average temperature of the supercritical solution is different from the 
temperature of the substrate. 
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In another preferred embodiment of the present invention, a method for 
depositing material within a microporous or nanoporous solid substrate, includes 
dissolving a precursor of the material into a solvent under supercritical or near- 
supercritical conditions to form a supercritical or near-supercritical solution; ii) 
5 exposing the solid substrate to the solution under conditions at which the precursor is 
stable in the solution; and iii) mixing a reaction reagent into the solution under 
conditions that initiate a chemical reaction involving the precursor, thereby 
depositing the material within the solid substrate while maintaining supercritical or 
near-supercritical conditions. A preferred embodiment of the method can be 

10 conducted such that the temperature of the solid substrate is maintained at no more- 
than approximately 200° C. 

In another preferred embodiment of the present invention, a film of a 
material, for example, but without limitation, a metal, a metal dioxide, a polymer or 
semiconductor, on a substrate, the coated substrate itself, and microporous or 

1 5 nanoporous solid substrates have such materials deposited on and within them. 

Further, preferred embodiments include methods for depositing a material, for 
example, a thin film of a pure metal, a mixed metal, a metal dioxide, semiconductor, 
a polymer or a metal alloy, or a layer, for example, a discontinuous layer of discrete 
uniformly distributed clusters, onto a substrate surface or into a porous solid 

20 substrate. The substrate surface can include one or more layers, which may be 

patterned. When patterned substrates are used, for example, having deep sub-micron, 
high-aspect ratio features such as, but not limited to, trenches or cylinders* SFD can 
provide uniform conformal coverage and uniform filling of the features. 

Preferred embodiments of the present invention include a two-step process 

25 that involves the deposition of a catalytic seed layer, for example, of palladium, 
platinum, or copper, by SFD, followed by plating, for example, electrolyses or 
electrolytic plating, or additional SFD, of more of the same metal or another metal or 
alloy. The seed layer need not be continuous, i.e., the seed layer can be made of 
clusters of deposited material, but the isolated catalytic seed clusters are distributed 

30 uniformly in any patterns, for example, trenches or invaginations, in the surface of 
the substrate. The surface can be functionalized prior to deposition using coupling 
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agents, for example, chlorotrimethoxysilane, for example, to control the 

concentration and location of the seed layer deposit 

In another two-step process, a seed layer and a thin film is created 

simultaneously by a first thermal disproportionation step using a precursor such as 
5 copper, for example, Cu(I) followed by the addition of a reaction reagent such as H 2 

to reduce the products of the disproportionation reaction in a CFD method to obtain 

high yield deposition of the precursor onto a substrate. 

The substrate can be a patterned substrate, formed using processes such as 

photolithography which are used similar to one used in the microelectronics industry* 
1 0 The patterned substrate can have submicron features which may have an aspect ratio 

greater than about two. Preferably the aspect ratios are in the range of between 

approximately five and thirty. The material can be deposited to conformally cover 

the features. The features may be at angles other than an angle normal to the surface. 

In one embodiment, the substrate is a patterned silicon wafer and the material is 
1 5 palladium or a palladium alloy that conformally covers the patterned features. In 

another embodiment, the substrate is a patterned silicon wafer and the material is 

copper or a copper alloy that conformally covers or fills the patterned features. 

In another aspect, a preferred embodiment of the present invention features an 

integrated circuit including a patterned substrate having submicron features and a 
20 film including palladium or hopper conformally covering the features. The aspect 

ratio of the patterned features can be greater than about two and preferably in the 

range of20to30. 

As used herein, a "supercritical solution" (or solvent) is one in which the 
temperature and pressure of the solution (or solvent) are greater than the respective 

25 critical temperature and pressure of the solution (or solvent). A supercritical 
condition for a particular solution (or solvent) refers to a condition in which the 
temperature and pressure are both respectively greater than the critical temperature 
and critical pressure of the particular solution (or solvent). A "near-supercritical 
solution" (or solvent) is one in which the reduced temperature (actual temperature 

30 measured in Kelvin divided by the critical temperature of the solution (or solvent) 
measured in Kelvin) and reduced pressure (actual pressure divided by critical 
pressure of the solution (or solvent)) of the solution (or solvent) are both greater than 
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0.8 but the solution (or solvent) is not a supercritical solution. A near-supercritical 
condition for a particular solution (or solvent) refers to a condition in which the 
reduced temperature and reduced pressure are both respectively greater than 0.8 but 
the condition is not supercritical. Under ambient conditions, the solvent can be a gas 
5 or liquid. The term solvent is also meant to include a mixture of two or more 

different individual solvents. The "aspect ratio" of a feature on a patterned substrate 
is the ratio of the depth of the feature and the width of the feature. 

Preferred embodiments of the present invention include a number of 
advantages, including the use of process temperatures that are much lower than 

1 0 conventional chemical vapor deposition (CVD) temperatures. A reduction in process 
temperature is advantageous in several respects: it aids in the control of depositions, 
minim izes residual stress generated by thermal cycling in multi-step device 
fabrication that can lead to optical artifacts, such as changing the refractive index, 
and/or thermal-mechanical failure, minimizes diffusion and reaction of the incipient 

1 5 film with the substrates, renders the deposition process compatible with thermally 
labile substrates such as polymers, and suppresses thermally-activated side-reactions 
such as, for example, thermal fragmentation of precursor ligands that can lead to film 
contamination. Thus, the films produced by the processes and methods in 
accordance with preferred embodiments of the present invention are substantially 

20 free of impurities. 

An additional advantage of the preferred embodiments of the present 
invention is that they obviate the CVD requirement of precursor volatility since the 
processes are performed in solution. Furthermore, since the process is performed 
under supercritical or near-supercritical conditions, the diffusivity of precursors 

25 dissolved in solution is increased relative to liquid solutions, thereby enhancing 

transport of precursor and reaction reagent to and decomposition products away from 
the incipient film. The supercritical fluid is also a good solvent for ligand-derived 
decomposition products, and thus facilitates removal of potential film impurities and 
increases the rate at which material forms on the substrate in cases where this rate is 

30 limited by the desorption of precursor decomposition products. In addition, since the 
reactants are dissolved into solution, precise control of stoichiometry is possible. 
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Another advantage of the preferred embodiments of the present invention is 
that the supercritical solution is usually miscible with gas phase reaction reagents 
such as hydrogen. As a result, gas/liquid mass transfer limitations common to 
reactions in liquid solvents are eliminated, and so excess quantities of the reaction 
5 reagent can easily be used in the reaction forming the material. 

Thus, the techniques produce high quality metal, metal dioxide, polymers, 
semiconductor and metal alloy deposits of precisely tailored composition in the form 
of thin films, conformal coatings on topologically complex surfaces, uniform 
deposits within high aspect ratio features, and both continuous and discrete deposits 
1 0 within microporous supports. Moreover, the absence of surface tension inherent to 
supercritical solutions ensures complete wetting of tortuous surfaces. 

Using chemical fluid deposition (CFD) which may be defined as a chemical 
reaction of soluble precursors, desired materials can be deposited on a substrate, such 
as a silicon wafer, to form a high-purity (for example, better than 99%) thin film (for 
1 5 example, less than 5 microns). The supercritical fluid transports the precursor to the 
substrate surface where the reaction takes place and transports ligand-derived 
decomposition products away from the substrate thereby removing potential film 
impurities. Typically, the precursor is unreactive by itself and a reaction reagent (for 
example, a reducing or oxidizing agent) is mixed into the supercritical solution to 
20 initiate the reaction which forms the desired materials. The entire process takes place 
in solution under supercritical conditions. The process provides high-purity films at 
various process temperatures under 250° C, (for example, below 200° C, 150° C, 
100° C, 80° C, 60° C, or 40° C), depending on the precursors, solvents, and process 
pressure used. 

25 SFD can be used, for example, to deposit platinum (Ft) and palladium (Pd) 

films onto silicon wafers or fluoropolymer substrates. In these examples, process 
temperatures of as low as 80° C provide a film purity that can be better than 99%. 
SFD can also be used to deposit materials into mesoporous or microporous inorganic 
or polymer solids. Examples include the metallation of nanometer-size pores in 

30 catalyst supports such as silicalites and amorphous mesoporous aluminosilicate 
molecular sieves. Supercritical fluids have gas-like transport properties (for 
example, low viscosity and absence of surface tension) that ensure rapid penetration 
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of the pores. Uniform deposition throughout the pores is further facilitated by 
independent control of the transport (via solution) and deposition (via reaction 
reagent) mechanisms in SFD. By contrast, metallation of porous substrates by CVD 
often results in choking of the pores by rapid deposition at the pore mouth resulting 
5 from high process temperatures. 

A preferred embodiment of a method of the present invention includes a 
batch SFD run which involves the following general procedure. A single substrate 
and a known mass of precursor are placed in a reaction vessel (for example, a 
stainless steel pipe), which is sealed, purged with solvent, weighed and immersed in 

10 a circulating controlled temperature bath. The vessel is then filled with solvent using 
a high pressure manifold. The contents of the reactor are mixed using a vortex mixer 
and conditions are brought to a specified temperature and pressure at which the 
solvent is a supercritical or near-supercritical solvent. The mass of solvent 
transferred into the reaction vessel is determined gravimetrically using standard 

15 techniques. The vessel is maintained at this condition (at which the precursor is 

unreactive) for a period of time, for example, up to one hour or longer, sufficient to 
ensure that the precursor has completely dissolved and that the reaction vessel is in 
thermal equilibrium. 

A reaction reagent is then transferred through a manifold connected to the 

20 reaction vessel. The reaction reagent can be a gas or a liquid, or a gas, liquid, or solid 
dissolved in a supercritical solvent. The transfer manifold is maintained at a pressure 
in excess of that of the reaction vessel. The mass of reaction reagent transferred into 
the reaction vessel is usually in molar excess relative to the precursor. The reaction 
is typically carried out for at least one hour, though the reaction may be complete at 

25 times much less than one hour, for example, less than 20 minutes or less than 30 

seconds. The optimal length of reaction time can be determined empirically. When 
the reactor has cooled, the substrate is removed and can be analyzed. 

A continuous SFD process is similar to the above batch method except that 
known concentrations of the supercritical (or near-supercritical) solution and reaction 

30 reagent are taken from separate reservoirs and continuously added to a reaction vessel 
containing multiple substrates as supercritical solution containing precursor 
decomposition products or unused reactants is continuously removed from the 
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reaction vessel. The flow rates into and out of the reaction vessel are made equal so 
that the pressure within the reaction vessel remains substantially constant. The 
overall flow rate is optimized according to the particular reaction. Prior to 
introducing precursor-containing solution into the reaction vessel, the reaction vessel 
5 is filled with neat solvent (which is the same as the solvent in the precursor solution) 
at supercritical or near-supercritical pressures and is heated to supercritical or near- 
supercritical temperatures. As a result, supercritical or near-supercritical conditions 
are maintained as the precursor-containing solution is initially added to the reaction 
vessel. 

1 0 Alternate preferred embodiments include deposition processes other than 

SFD such as, for example, but not limited to, CVD, and/or electroplating and atomic 
layer deposition. Alternate embodiments may include post deposition treatments to 
optimize optical properties of photonic crystal devices. Such post processing 
treatments may include, but are not limited to, annealing, heat treatment, and 

15 chemical treatment. In particular the properties such as the refractive index (n) and 
the absorption coefficient (k) may be optimized for the photonic materials used in the 
devices. 

Multilayer deposition with SFD enables devices as illustrated in Figure 5 A 
which is a preferred embodiment of a thin film filter having a waveguide in 
20 accordance with the present invention. A waveguide 54 is disposed on a substrate 
52. Thin films having different indices of refraction nl, n2, and n3 are deposited on 
the waveguide. 

Figure 5B is a cross-sectional view of a patterned substrate resulting from 
supercritical fluid deposition (SFD) nanostructure processing in accordance with the 

25 present invention. The integrated waveguide includes photonic crystals in 

accordance with the present invention. The integrated device is manufactured by 
disposing a high refractive index material within a relatively low refractive index 
material. The device includes a waveguide having dimensions for maximizing fiber 
coupling. Fiber optic single mode propagation is maximized by using dimensions 

30 such as, for example, 6x6 [im2. Thus, coupling losses and propagation losses are 
minimized and preferably eliminated due to low transmission in transverse area. 
Further, the integrated devices in accordance with the present invention are 
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polarization independent. The fibers, and in particular, the cross-section of fibers 
may be aligned or coupled to the cross-section of the waveguides and attached using 
index matching adhesives in a preferred embodiment of the present invention. In an 
alternate embodiment the fibers may be coupled to the waveguides using a lens 
5 system. 

The cladding 66 disposed over the substrate 65 has a low refractive index (no) 
and a thickness bf approximately 20)4.. The waveguide layer 64 has a thickness of 
approximately 6 microns. The second layer of cladding 68 has a thickness' of 
approximately 2 to 4 microns. An etching process etches holes approximately in a 

10 range : of 10 to 20 microns. The diameter of the holes etched is typically in the range 
of between approximately 0.1 to 1.5 microns, and is preferably 0.7 microns. The 
preferable spacing between the holes is typically 1.03 microns. 

It should be noted that the simplest photonic crystal is a one-dimensional 
system and consists of alternating layers of material with different dielectric 

1 5 constants. This photonic crystal can act as a perfect mirror for light with a frequency 
within a sharply defined gap, and can localize light modes if there are any defects in 
its structure. This arrangement is used in dielectric mirrors and optical filters. A 
two-dimensional photonic crystal is periodic along two of its axes and homogenous 
along the third axis. A square lattice of dielectric columns is an example of a two- 

20 dimensional photonic crystal. For certain values of the column spacing, the crystal 
can have a photonic band gap in the XY plane, for example. Inside this gap, no 
extended states are permitted and incident light is reflected. But although the 
multilayer film (one-dimensional photonic crystal) only reflects light at normal 
incidence, this two-dimensional photonic crystal can reflect light incident from any 

25 direction in the plane. Further, a three-dimensional photonic crystal is a dielectric 
that is periodic along three different axes. 

Conventional optical systems are limited to longitudinal designs with a well- 
defined optical axis or to waveguide designs in one-dimension (fiber) or two- 
dimensions (integrated optical). In preferred embodiments, SFD enables optical 

30 devices which combine longitudinal and waveguide components. 

Figure 5C is a cross-sectional view of a planar waveguide structure. The 
silicon wafer 72 has disposed over it a silicon dioxide cladding 74 having a thickness 
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within the range of 20-40 microns. The refractive index of the cladding 74 layer is 
nl. The cladding layer 74 is blanketed with a dopant such as germanium. A material 
having a refractive index of n2 which is greater than refractive index nl of the 
cladding is then patterned into the waveguide. The difference between the refractive 
5 indices in a preferred embodiment is approximately 0.002 to 0.02* 

As described hereinbefore, conventional photonic crystal designs are 
constructed of periodic arrays of two materials, such as air and semiconductor. SFD 
deposition enables the generation of multilayer "photonic atoms". In an alternate 
embodiment, a photonic crystal configuration includes a stack of multilayer spheres 

1 0 formed using SFD deposition techniques. In a particular embodiment, the spheres 
are formed by a conventional CVD multilayer deposition process. 

Figure 6 illustrates a preferred multilayer embodiment of photonic crystals in 
accordance with the present invention, A multilayer sphere 80 is formed by the 
deposition of a plurality of materials having different indices of refraction nl 82 and 

15 n2 84 on a substrate. 

Figure 7 illustrates a preferred embodiment of a stack configuration of 
multilayer photonic crystals in accordance with the present invention. A stack 90 
configuration includes a plurality of the multilayer spheres 92. 

Figure 8 illustrates a preferred embodiment of a stack configuration 100 with 

20 in-situ deposition in accordance with the present invention. SFD deposition enables 
a different class of atoms combining stacking with in situ deposition as described 
herein. The core material 104 such as the multilayer spheres described with respect 
to the previous embodiments is arranged in a stack configuration. The interstitial 
gaps created during the stacking of the multilayer spheres are then filled with a 

25 coating 102 using SFD. The ability of SFD to internally coat a material enables 

three-dimensional photonic crystal growth. In one embodiment, the core material is 
etched out, for example, as it may be, but is not limited to, water soluble. A three- 
dimensional semiconductor photonic crystal is created by coating the semiconductor 
on a polymer bead matrix and then removing, for example, by washing the bead 

30 matrix out. Alternatively, a silica bead matrix may be used which is removed after a 
hydrofluoric acid etch process. 
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Figure 9 is a diagram illustrating a preferred embodiment of an integrated thin 
film component, in particular an integrated planar and fiber waveguide device 110 in 
accordance with the present invention. The embodiments of the present invention 
provide the ability to integrate longitudinal devices and materials with planar and 
5 fiber waveguide devices as discussed hereinbefore, A reflector, for example, metal 
mirror 1 14 is coupled with a waveguide 1 12 to provide an integrated photonic circuit. 

This ability to create optical elements transverse to the waveguide plane by 
high aspect ratio deposition enables the integration of layered devices, electro-optic 
modulators, metal optical elements and liquid crystal modulators with planar 

10 components. Preferred embodiments of the present invention optical systems include 
lens and mirror based systems. It should be noted that any conventional optical 
system can be replicated in accordance with the present invention systems and 
methods in planar systems by this technology. 

Figure 10 illustrates a preferred embodiment of another thin film component 

15 in particular an embedded multilayer lens device in accordance with the present 

invention. A multilayer lens 122 is embedded in the device 124. The multilayer lens 
may be coated for anti-reflection. The direction of propagation of light is 
perpendicular to the lens surface. In preferred embodiments at least two classes of 
lenses are included: cylindrical lenses are created by etching and alternatively filling 

20 a lens-shaped hole in a planar structure. 

Figures 1 1 A and 1 IB illustrate preferred embodiments of alternate thin film 
components, in particular mode conversion devices in accordance with the present 
invention. A longitudinal lens is created for mode conversion by deposition of 
materials on heterogeneous coupled devices. Multilayer SFD coating such as, for 

25 example, of materials having different refractive indices (nl) 152, (n2) 154 create 
mode matching between the source 146 and the fiber 142, 

Preferred embodiments of the present invention include SFD deposition on 
skewed and curved surfaces. SFD conformal coating of bulk optical components is 
of great interest for conventional optical applications. Figure 12 is a preferred 

30 embodiment of a device 160 having cavities formed by skewed deposition techniques 
in accordance with the present invention. One such cavity 164 is formed by skewed 
deposition. Skewed surface deposition also enables new classes of devices, including 
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coupled cavity switches and memories. Preferred embodiments of the present 
invention include arbitrary three-dimensional structures for field processing. 
Processing is particularly strong with cavities. SFD enables compact devices to 
enhance both electrical non-linearities, by making gap sizes smaller and effective 
5 fields bigger, and optical non-linearities by focusing fields. 

Figure 13A is a preferred embodiment of a device 180 having skewed axis 
elements such as, for example, a detector 182 and a source 184 in accordance with 
the present invention. The skewed elements might be formed by stacking in 
accordance with a preferred embodiment of the present invention. The skewed axis 

10 elements in a preferred embodiment may also be formed by projecting three 
dimensional structures such as holes 185 at an angle as depicted in Figure 13B. 
Further, by using processes such as etching, a skewed element 186 may be disposed 
in an integrated photonic crystal device as shown in Figure 13C. Etching methods 
that combine Chemical Amplifying of Resist Lines (CARL™) lithography, Inductive 

1 5 Coupled Plasma (ICP) for dry development and high density plasma etching may be 
used to fabricate holes in the order of approximately 30 nm and trenches in the order 
of approximately 25 nm in dioxides with aspect ratios of up to 30: 1 in accordance 
with preferred embodiments of the present invention. Such methods are described in 
a paper entitled "Fabrication of Sub-0.1 \im contacts with 193 nm CARL™ 

20 photolithography by a combination of ICP dry development and M0RI™ HDP 
dioxide etch," by Y.P. Song et aL as presented at The Electrochemical Society 
Conference, Hawaii, 1999, the entire contents of which being incorporated herein by 
reference. 

Figure 14 illustrates a preferred embodiment of a wavelength division 
25 multiplexer (WDM) processing circuit 192 in accordance with the present invention. 
Integrated transverse thin film filter systems enables two-dimensional WDM 
processing circuits. These circuits incorporate three or more port devices. The 
waveguide 194 is coupled to, for example, a thin film filter 196. Such devices may 
incorporate mode matching components into thin film filters using curved surface 
30 deposition. 

Figure 15 is a preferred embodiment of another integrated thin film 
component, in particular a mode-matching device 200 in accordance with the present 
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invention. Mode matching may be particularly significant in automated fiber 
coupling to two-dimensional circuits. In a preferred embodiment of the method of 
manufacturing photonic integrated circuits, mode matching may be selected to use 
both SFD and conventional deposition and etching processes. Skewed multilayer 
5 deposition may also be significant in optical switching by enabling both non-linear 
and electro-optic switching material integration and by enabling propagating field 
concentration in switching layers. 

Figure 1 6 is a preferred embodiment of a method for manufacturing 
structured fibers 222 in accordance with systems of the present invention. Thus, SFD 

10 is used for fabrication of waveguides with "holes." Waveguides with complex 
transverse structures such as, for example* holes and trenches enables design of 
dispersion and polarization properties. SFD can be applied in fiber pulling processes 
to create structured fibers. 

SFD can also be used to locally fill holes in a holey fiber for switch and/or 

1 5 laser fabrication. In a preferred embodiment, combinations of SFD and pulling 
create novel fibers. Further, in a particular embodiment, SFD is used to fill fiber 
cores after preferential core-specific etch processes. 

Hereinbefore, SFD methods were discussed with respect to providing uniform 
thin films. Figure 17 illustrates a preferred embodiment of devices manufactured 

20 with thick depositions on surfaces using supercritical fluid deposition methods in 
accordance with the present invention, SFD enables thick device deposition 242 on 
surfaces 244 of substrates or materials. SFD fills deep into structured surfaces, 
enabling thick devices. Thick coatings may be particularly useful when combined 
with conventional etch and deposition technologies, in which case SFD is used to 

25 create three-dimensional devices and mode matching systems. 

Figures 1 8 A through 18D illustrate a method of stacking two different media 
through a deposition/etch cycle in accordance with a preferred embodiment of the 
present invention* The stacking process of two different media through a 
deposition/etch cycle includes etching the surface of the substrate in step 260, filling 

30 the high aspect ratio surfaces with a material having a refractive index nl per step 

270, etching the surface and filling the gaps with a material having a second index of 
refraction n2 per steps 280 and 290, respectively. SFD enable three-dimensional 
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device fabrication by allowing stacking, formation of cavities and heterogeneous 
deposition and etching* 

Figure 19 is a preferred embodiment of an integrated circuit device 300 
including a waveguide 316, partial reflectors 312, beam splitters 310, filters 306 and 
5 lenses 308 in accordance with the present invention. SFD enables the integration of 
and processing of unique and heterogeneous materials. Since SFD is a low 
temperature process it enables device fabrication from a much wider class of 
materials than conventional devices. Integration of organic, metallic, semiconductor, 
polymeric, inorganic glass and ceramic materials is possible. Incorporation of 

10 nanoparticles, liquid crystals and semiconductors into various lattices enables switch 
and source development. Heterogeneous devices may also be used to create a 
complete optical breadboard in planar circuits. The device 300 includes metal 
mirrors 312 and a waveguide 316 created by deep deposition channels. 

Photonic circuit devices include wavelength management components and 

15 extend from a fixed single-wavelength filter to a multi-channel tunable wavelength 
router. The core component of these devices is an optical resonator integrated into a 
conventional silica planar waveguide. An integrated Fabry-Perot resonator can be 
used to fabricate a wavelength filter. The resonator is designed to transmit the 
wavelength that is desired to be removed, or filtered, from the multi-channel signal. 

20 The remaining wavelengths are reflected by the Fabry-Perot resonator. Moreover, 
the methods of fabrication in accordance with the present invention allows the 
fabrication of multi-cavity Fabry-Perot resonators to create flat-top optical filters. 
These flat top filters provide the pass-band and drop-off characteristics essential for 
low-cross talk wavelength selection in diverse dense WDM (DWDM) applications. 

25 As discussed hereinbefore, the components in accordance with the preferred 

embodiments of the present invention are enabled by the precision fabrication of 
Fabry- Perot reflectors into a planar waveguide so that they are perpendicular to light 
propagation direction. This is accomplished by creating a photonic crystal within the 
planar waveguide using, for example, but not limited to, SFD processing. The use of 

30 the photonic crystal reflector allows the photonic bandgap of the crystal to be 
engineered, thereby allow its reflective properties to be designed for its specific 
application. These devices can be tuned to operate on selected wavelengths over a 
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wide spectral range by inducing a small change in the refractive index of the Fabry- 
Perot cavity. 

The components of preferred embodiments of the present invention combine 
the efficiency and manufacturability of planar waveguides for fiber-coupling, 
5 packaging and waveguiding with the performance and functional advantages of the 
photonic crystal structures. Moreover, the photonic crystals in the integrated circuits 
of the present invention are formed only in microscopic regions along the planar 
waveguide structure where they offer critical functional advantage. This eases 
processing and maximizes circuit yield. 

1 0 Preferred embodiments of the present invention include wavelength filter and 

routing devices that utilize resonant Fabry-Perot cavities for wavelength selection. 
The waveguide Fabry-Perot structural filter is composed of a photonic circuit and 
photonic crystal mirrors. As discussed hereinbelow, the Fabry-Perot resonant cavity 
is explained, and the operation of wavelength filters based on integrated Fabry-Perot 

1 5 resonators is further explained. Further the implementation of Fabry-Perot resonators 
using photonic crystal reflectors is illustrated, and the analysis of the requirements for 
wavelength tunable components is presented. 

The Fabry-Perot structure is an important optical device which works based 
on multi-path interference of a beam of light. The interference provides a resonance 

20 at a particular wavelength, resulting in the transmission of light for only a very 

narrow band centered around the resonant wavelength. This provides a transmission 
output with a very sharp peak. The Fabry-Perot structure consists of two partially 
transmitting mirrors 322, 324 that are separated by a distance "d" to form a reflective 
cavity 326 between the mirrors, as illustrated in Figure 20. To understand the 

25 operation of the Fabry-Perot resonator, consider that light impinges on the first 

mirror surface 324. From classical optics, the rays of light are partially reflected and 
partially transmitted from the first mirror 324 and then also partially reflected and 
partially transmitted from the second mirror 322. These multiple reflected and 
transmitted beams of light interfere with each other to define the reflection and 

30 transmission spectrum of the Fabry-Perot cavity 326. Specifically, the Fabry-Perot 
resonant cavity is designed such that light of only a particular wavelength is passed 
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through the cavity, for example, transmitted, while all other wavelengths are 
reflected. 

Classically, and for visible light wavelengths, this structure is fabricated by 
coating the surfaces of an optically flat glass plate of precise thickness with a gold 
5 film so thin that it is semi-transparent. The properties of these mirrors are extremely 
important as the magnitude of both the transmission and reflection of light off the 
mirror surface is critical for optimum performance of the resonant cavity. 

Analytically, when a plane wave is incident on the mirror at angle 9, the 
transmission of the cavity is given by the following formula 

T (X) = ft - -ft) 2 

10 (l^i?) 2 +4i?sm 2 (5/2) (1) 

where, 

Amid f \ 
S=— — cos(9) 

X (2) 
In these equations, R is the reflectivity of the mirrors, n is the refractive index 
of the cavity material between the mirrors, and d is the separation distance between 
1 5 the mirrors, referred to as the cavity length. This relationship shows the strong 

dependence of the transmission through the Fabry-Perot resonator on the reflectivity 
value of the mirror. Physically, the transmission and reflection intensities are the 
product of the complex conjugates of the superimposed wave amplitude sum. Figure 
21 shows the spectral transmission characteristics 330 of a Fabry-Perot cavity for a 
20 range of reflectivity values. 

The transmission equation clearly shows zero transmission through the 
resonator if the mirror is perfectly reflecting, for example, if R=l . The value of the 
reflectivity is determined to optimize transmission and other critical attributes as 
follows. The width of the transmission peak, given by its full width at half- 
25 maximum (FWHM) is governed by the following: 

„ l-R X 2 

OA — tfZ 

R V2 2nd ( 3 ) 

This relationship shows that increasing either the mirror reflectivity, R, or the 
cavity length, d, results in a smaller FWHM, or sharper spectral transmission peak. 
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As with any resonant structure, there are a set of resonant peaks that occur at fixed 
periods in the wavelength spectrum. The wavelength difference between these 
resonant peaks is defined as the free spectral range (FSR) and is given by the 
following: 

a 2 

5 2nd 

This relationship illustrates that increasing the cavity length, d, moves the 
resonant peaks closer together. This is an important consideration for wavelength 
filter design. For instance, the design of a fixed wavelength filter can benefit from a 
short cavity length since the adjacent resonant peaks may have a large wavelength 

1 0 separation from the desired transmitted wavelength. Conversely, the operation of a 
tunable filter can benefit from a longer cavity length, where a smaller separation 
between transmitted peaks can be utilized to maximize the timing range. 

Over the free spectral range of the Fabry-Perot resonator, the maximum 
transmission can reach unity (100%), while the minimum transmission depends on 

15 the reflectivity of mirror and is given by the following: 

An important figure of merit for the quality of the resonator is the ratio of the 
maximum to minimum transmission taken over the entire free spectral range. This is 
termed the extinction ratio (ER) and is determined from the following equation: 

EBH « 

and indicates, for example, that to achieve an ER of 30 dB the reflectivity R be 
higher than 0.95 ( or 95%). 

These properties show that a major consideration in the design of the Fabry- 
Perot resonant cavity filter is the value of the mirror reflectivity. For a filter designed 
25 around a selected cavity length, allowing selection of the desired spectral range, the 
mirror reflectivity must be optimized for maximum transmission (minimizing signal 
loss) and peak sharpness (minimizing channel cross-talk). The use of photonic 
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crystal reflectors allows the design and implementation of these optimized Fabry- 
Perot resonators for wavelength filter and routing applications. 

As discussed hereinbefore, a photonic crystal is composed of the periodic 
distribution of different dielectric materials in a macroscopic range. When 
5 considering the true quantum nature of light, this periodic structure provides a 
periodic "potential" to photons, resulting in a photonic bandgap. This is a direct 
analogy to the electronic bandgap, which results from the periodic electrical potential 
field created by the periodic arrangement of atoms in a semiconductor crystal. In a 
material having a photonic bandgap, light can only propagate in certain directions 

10 and is literally excluded from occupying certain regions of the photonic crystal. 
Photonic crystals can be formed with periodicities in one, two or three orthogonal 
directions. Only the three-dimensional structure has a truly complete bandgap. 
However, both one and two dimensional photonic crystals can be practically utilized 
because of the optical confinement they offer in specific directions and they can be 

1 5 more readily implemented with conventional optical systems. 

In preferred embodiments of the present invention Fabry-Perot resonant 
cavity filters are formed in conventional planar waveguides by depositing an optical 
material into arrays of sub-micron features lithographically patterned into the 
waveguide in selected areas. These patterned areas, which have lateral dimensions of 

20 only a few to a tenth microns, define the Fabry-Perot reflector. The deposited optical 
material has a significantly different refractive index than the waveguide material. 
This process creates a photonic crystal within the waveguide. The bandgap 
properties of this photonic crystal are designed to act on light propagating along the 
waveguide as a Fabry-Perot resonator mirror with optimized performance for the 

25 specific wavelength filtering application. Two such mirrors are formed separated 
from each other by the precise dimensions required for the specified cavity length. 

In this integrated Fabry-Perot filter configuration, light is confined for straight 
propagation by the waveguide geometry, in which the refractive index of guiding 
layer is higher than that in the cladding. This configuration is illustrated in Figure 

30 22, as viewed from the top of a waveguide Fabry-Perot filter using photonic crystal 
mirrors in accordance with a preferred embodiment of the present invention. The 
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photonic crystal 354 illustrated is a two-dimensional hexagonal structure with a 
lattice dimension 'a'. 

When used as a wavelength filter in a preferred embodiment for a DWDM 
application, the optical signal includes multiple wavelengths propagating along the 
5 planar waveguide and is input onto the first photonic crystal mirror 348. There i s no 
optical loss with incidence on the photonic crystal, as the optical front simply sees a 
mirror. The mirrors 348, 352 are identical and are designed for an optimal 
reflectivity to allow resonant optical interference within the Fabry-Perot cavity 350, 
which is the planar waveguide media 344. When this occurs, a particular wavelength 

10 peak is transmitted through the Fabry-Perot resonator and the output signal 356 

continues to propagate along the planar waveguide* The full optical signal, minus the 
transmitted peak spectrum, is reflected back from the Fabry-Perot resonator. 
Photonic crystal structures typically have a propagation loss of between 
approximately 1 to 10 dB per centimeter of propagation length. In a preferred 

15 embodiment Fabry-Perot structure* the optical signal transverses a length of the 

photonic crystal on the order of 10 microns. Therefore, in a preferred embodiment 
the anticipated signal loss from this Fabry-Perot cavity is less than approximately 0,1 
dB, including the multi-pass resonance. 

As discussed hereinbefore, the ability to design an optimal reflector with 

20 photonic crystals is enabling. This is achieved by forming a two-dimensional 

photonic crystal within a planar waveguide. While the two-dimensional photonic 
crystal structure does not provide a complete band-gap, this reflection configuration 
readily achieves the desired resonator mirror properties. Importantly, the photonic 
crystal mirror is designed to be polarization independent, working in both transverse 

25 electric (TE) and transverse magnetic (TM) modes. The simulation results in Figure 
23 illustrate the design of a photonic crystal Fabry-Perot reflector optimized for C- 
band operation. The vertical markers 362, 364 show the C-band operating window. 
According to the transparent characteristics in optical glass, the transmission spectra 
is divided into several wavelength ranges, such as, for example, the C, L, S bands. In 

30 preferred embodiments the bands have the following ranges: C-band: 1530 nm - 
1565 nm, L-band: 1565 nm *— 1625 nm, and S-band: 1460 nm ~ 1530 nm. 
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The transmission characteristics of a single Fabry-Perot, as described 
hereinbefore, provide an extremely narrow transmission peak with sloping sidewalk. 
Due to this narrow FWHM, it is difficult to use this kind of filter in the DWDM 
system. A filter using multiple resonant Fabry-Perot cavities addresses the problem 
5 of a narrow transmission peak. For example, an illustration of a dual cavity Fabry- 
Perot structure is shown in Figure 24. The double cavity Fabry-Perot type of filter 
370 is composed of two common Fabry-Perot resonators 372, 374 separated at a 
certain coupling distance L. In preferred embodiments the channel spacing for 
particular frequencies is as follows: at 100 GHz the channel spacing is 0.8 nm; at 50 

1 0 GHz the channel spacing is 0.4 nm and at 25 GHz the channel- spacing is 0.2 nm. . 

Figures 25-28 illustrate the comparisons of the transmissions at -40 dB and -3 
dB extinction ratio between a double cavity and single cavity. Figures 25 and 27 
illustrate the transmission spectra in a double cavity Fabry-Perot structure with the x 
axis expressed in wavelength (nm) and a frequency differential Af (GHz), 

15 respectively, in accordance with preferred embodiments of the present invention. In 
comparison Figures 26 and 28 graphically illustrate the transmission spectra in a 
single cavity Fabry-Perot structure with the x axis expressed in wavelength (nm) and 
Af (GHz), respectively, in accordance with preferred embodiments of the present 
invention. The phase difference between the cavities is determined by the distance 

20 between the cavities (denoted as d2 in Figure 24). Pass band characteristics can be 
shnplistically viewed as the product of two slightly offset spectra. The offset of 
spectra is determined by the distance between the cavities. 

Another form, more convenient for computation, can be obtained if the 
relations between the electric vectors in successive layers are expressed in terms of 

25 Fresnel coefficients. For the system of n layers shown in the Figures 29A-29C, 
according to the continuity at the boundary, the recurrence relation of the electric 
field may be written in the matrix form as the following. 



— -L 



m 



\r m e -\e 



J 



K E mJ 



(7) 



The relationship between E0 and En+1 may be written as the following: 
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wherein 



C„ = 



e ,r m e 

r e" Stt '- 1 e*"- 1 



(9) 



The product of the matrix is rewritten for simplicity as the following: 

ft- _ A 

Thus the following relationship may be obtained under the reality n+l 



(10) 
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(11) 



Consequently, the transmission T and reflection R can be expressed as the 
following: 

r _ (e;Ie;)* cc* 
[e:Ie;)* aa* 



(12) 



15 



20 



^4* 



(13) 



wherein rj and ti are the Fresnel coefficients of reflection and transmission on 
the ith interface, respectively, which are polarization dependent at normal incidence, 
as well as 



« 2mt g d g cosfy 
d i~ X 



(14) 



The filter may be tuned by any effects that can change the refractive index of 
the cavity material, such as thermal-optics (TO), electro-optics (EO), magneto-optics 
(MO) and piezo-optics (PO). Figure 3 OA is a sectional view of a tunable filter in 
accordance with a preferred embodiment The index of refraction of the cavity 
material 456 is adjusted by changing, for example, the current or voltage using 
thermal-optics or electro optics, respectively. The direct tuning process may be 
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accomplished over the full C-band to account for a high refractive index differential 
(An), In preferred embodiments, the C-band range of wavelengths is 1,53 to L57 jim 
while the L-band range is approximately L57 to 1.62 nm. A resonant tuning process 
to account for a vernier effect may be used in preferred embodiments wherein tuning 
5 over the same range is conducted for two such Fabry-Perot resonators. In the 

preferred embodiment, one Fabry-Perot resonator is tuned with respect to the other to 
account for the vernier effect. 

The tuning range of the wavelength AX is determined by an index change An 
expressed as the following: 

AX = An 

10 X n (15) 

For 1 % wavelength tuning of AX, a 1% index change An can be made in a 
preferred embodiment For the entire C or L band, the wavelength range 5X is 
approximately 30 nm thus, a 2% index change is required in a preferred embodiment. 
In addition, for preferred embodiments of waveguide based devices, a 2% index 

15 change may alter guiding mode properties. In alternative embodiments, a dual-cavity 
structure with a small difference in resonant frequencies with respect to each other 
are used. This method of a preferred embodiment results in discrete wavelength 
tuning or wavelength jumping, which can be matched to wavelength series in 
DWDM. 

20 Figure 30B is a graphical illustration of a tuning spectrum for a 25 GHz space 

DWDM resulting from a direct tuning method in accordance with a preferred 
embodiment. The center wavelength Xc is 1550 nm and the differential refractive 
index is approximately ± 2 x 10-4. 

Figure 3 1 graphically illustrates the numerical comparison of the direct tuning 

25 method and the resonant tuning method that accounts for vernier effects* In a 

numerical simulation in accordance with a preferred embodiment, the resonant tuning 
method can be tuned to approximately 1 0 times the wavelength tuning (AX ~ 8 nm) 
than made by the direct tuning (AX ~ 0.8 nm). 

Figures 32 through 40 graphically illustrate the spectral plots of the optical 

30 properties such as, for example, the refractive index (n) and absorption coefficient (k) 
for several materials of interest in accordance with preferred embodiments of the 
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present invention. These materials include copper dioxide, both Cu 2 0 and CuO, lead 
sulphide (PbS), titanium dioxide (Ti0 2 ), and zinc selenide (ZnSe). These varieties of 
materials have a refractive index that is higher than the refractive index of substrates 
used and are disposed in the hole structures. The transmission properties of these 
5 materials vary but are appropriate for the wavelengths used in optical circuit devices 
in accordance with preferred embodiments of the present invention. 

Further, the metals are used to provide appropriate values of reflectivity for 
mirrors disposed in the devices in accordance with preferred embodiments. SFD 
provides an appropriate processing method to manufacture devices having mirrors or 

1 0 reflectors and/or resonators . 

Figures 41 A and 4 IB illustrate the dielectric constants for copper, silver, gold 
and aluminum in accordance with the preferred embodiments of the present 
invention. The real and imaginary values for the dielectric constants are illustrated, 
respectively. The dielectric constant relationship is given by the following: 

15 ff-^+fe'-Oi + ftJ 1 (1€ 

wherein the £ is the dielectric constant, E 1 and e " are respectively the real and 
imaginary parts of dielectric constant; n is the refractive index, and k is the 
absorption coefficient of material. 

Figure 42A is a preferred embodiment of a tunable filter 1340 in accordance 

20 with the present invention. The function of this preferred embodiment is the tuning 
of the transmission wavelength. The device 1340 includes an input port 1342, an 
output port 1346, an add port 1348, and a drop port 1346. The substrate 1350 has 
disposed over it a cladding layer 1352. A waveguide 1356 is formed in the cladding. 
Preferably the dimensions of the waveguide are 6 x 6 |xm2 to optimize fiber coupling. 

25 A photonic crystal tunable filter is coupled to the waveguide 1 356. Based on the 

theoretical analysis of a three-dimensional photonic crystal, the filtering performance 
can be realized with polarization independency. This preferred embodiment realizes 
the same wavelength filtering both for two orthogonal polarized lights using a two- 
dimensional photonic crystal. However, another preferred embodiment includes a 

30 two-dimensional photonic crystal (PC) filter which has a band-gap reflector for one 
polarization mode while it has the filtering performance for another polarization 
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mode. Thus, the photonic crystal filter is configured to have the filter performance 
for the TE mode while having the band-gap reflection for TM mode in waveguide, or 
vice versa. 

Figure 42B is a cross-sectional view of the filter 1340 illustrated in Figure 
5 42 A. The substrate layer 1362 has a low refractive index (n 0 ) in comparison to the 
refractive indices of the waveguide layer 1364, and the layer of material used to fill 
the structures such as holes disposed in the device. 

Figures 42C and 42D are a cross-sectional view 1380 and a view 1400 along 
the line A-A, respectively, in accordance with the preferred embodiment illustrated in 

1 0 Figure 42 A. A micro-view of the photonic crystal tunable filter 1354 illustrates a 

waveguide layer 1390, a cladding layer 1388 and an electrode 1386 disposed within a 
gap created in the cladding layer 1388 and waveguide layer. A central electrode 1382 
is disposed in the gap along with an electro-optic polymer 1 384. 

Figures 43 A and 43B illustrate a preferred embodiment of a tunable filter 

15 1420 having two-dimensional photonic crystals and the related directions of 

propagation, respectively, in accordance with the present invention. There are two 
photonic crystal band-gap reflectors 1428, 1434 which reflect both TE and TM 
modes* The photonic crystal filter 1430 reflects approximately all wavelength TM 
and other TE modes while it allows wavelength Xi in TE mode to pass through. The 

20 second filter 1432 reflects approximately all wavelength TE and other TM modes 
while it allows wavelength 7d in TM mode to pass through. Thus, when a group of 
wavelength light is injected from the input port 1422, Xi wavelength TE mode signal 
passes through the filter 1430 while all TM and other TE modes are reflected. At the 
second filter 1432, %i wavelength TM mode signal passes through to combine with Xi 

25 wavelength TE mode signal while all other wavelengths of the TE and TM mode are 
reflected into the output port. When the passing central wavelength is tuned by some 
manner, using, for example, EO, MO, PO, TO effects, the tunable wavelength filter 
is included in the conventional photonic circuit using two-dimensional photonic 
crystal structures. 

30 Figures 44A and 44B illustrate a three-dimensional photonic crystal tunable 

filter 14S0 along with a diagram of the direction of propagation in accordance with a 
preferred embodiment of the present invention. The three-dimensional photonic 
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crystal tunable filter 1480 includes an input port 1482, an output port 1484, and a 
port 1486 to allow the propagation of desired frequencies. The tunable filter 1492 is 
coupled between the waveguides 1494, The desired frequency Xi is transmitted while 
the unwanted frequencies are reflected toward the output port 1484 by the tunable 
5 filter 1492. The tunable filter 1492 is periodic along all three different axes. The 
filter 1492 has the ability to tune the frequency of a resonant mode. 

Figures 45 A and 45B illustrate a preferred embodiment of a multicavity 
tunable filter device 1 520 in accordance with the present invention. The multi-cavity 
in particular, a three cavity filter 1522 is disposed between the waveguides 1530, 

10 1531 that connect the input port 1 526 and the output ports 1 528, 1 532. The photonic 
crystal filter 1522 includes three cavities such as cavity 1536. The photonic crystal 
micro-cavity contains non-linear materials. The photonic crystal microcavity is 
essentially a structure made of a first material having a first dielectric constant and of 
an electrode disposed in the center as described with respect to Figure 42C. 

1 5 Figure 45C is a graphical plot of reflectivity versus wavelength for a mirror 

used in the filter described with respect to Figures 45A and 45B. The transmission 
illustrated is in the C-band. 

Figures 46 A and 46B graphically illustrate the reflectivity in the transverse 
electric (TE) mode and transverse magnetic (TM) mode of preferred embodiments of 

20 tunable filter devices in accordance with a preferred embodiment of the present 
invention. The reflectivity of the TE mode of a two-dimensional photonic crystal 
composed of a cylinder semiconductor on silica accounts for the mode whose electric 
field vector is normal to the direction of propagation. The TM mode, illustrated in 
graph 1560 illustrates low cross talk characteristics. The refractive index values for 

25 the waveguide layer and material used in the holes is as follows: nl = 3.192, n2 = 

1.46 with the respective dielectric constants being s i =10.2 and s ^ =2.1316. 

Figure 47 is a preferred embodiment of a dual wavelength tunable filter 1580 
in accordance with the present invention. The multiport wavelength router and 
particularly, the dual wavelength top-flat tunable filter device 1580 includes two 
3 0 multi-cavity tunable filters 1 594, 1 600 disposed between the photonic crystal 
waveguide such as waveguide 1598. 
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Figures 48 A and 48B illustrate a preferred embodiment of an optical add/drop 
multiplexer device and the directions of propagation respectively in accordance with 
the present invention. The multiplexer device 1620 provides the ability of selectively 
dropping wavelength Xi in an Optical Add/Drop multiplexing (OADM) system. 
5 Based on the theoretical analysis of photonic crystal, the filtering performance 

can be realized with polarization independency. The two-dimensional photonic 
crystal (PC) filters 1634, 1636 have the band-gap reflector for one polarization mode 
while they have the filtering performance for another polarization mode. Thus, the 
photonic crystal filter can be made to have the filter performance for TE mode while 

1 0 having the band-gap reflection for TM mode in waveguide, or vice versa and thus 
providing the wavelength selectable add/drop multiplexer. 

There are two photonic crystal band-gap reflectors 1640, 1642 which reflect 
both TE and TM modes. The filter 1634 reflects all wavelength TM and absorb TE 
modes totally while it lets wavelength M in TE mode to pass through. The second 

1 5 filter 1 636 reflects all wavelength TE and absorb TM modes totally while it lets 

wavelength Xi in TM mode to pass through. When multi-wavelength light is injected 
from the input port 1622, Xi wavelength TE mode signal passes through the filter 
1634 while all TM and other TE modes are reflected. At the second filter 1636, Xi 
wavelength TM mode signal passes through to combine with Xi wavelength TE mode 

20 signal while all other wavelength TE and TM modes are reflected into the output port 
1 624. This preferred embodiment is also a wavelength selectable 1 x 2 switch. 

For the adding function, 7d wavelength light is injected from the add port 
1 626. The TE mode passes through the filter 1634 while the TM mode is reflected. 
At the second filter 1636, the TE mode is reflected while the TM mode passes 

25 through. Thus, both TE and TM modes of adding wavelength Xi join into the output 
port 1624. In a preferred embodiment, when the passing central wavelength is tuned, 
the tunable wavelength OADM is formed in the conventional photonic circuit using 
two-dimensional photonic crystal structures. 

Figures 49A and 49B illustrate a preferred embodiment of an optical add/drop 

30 multiplexer 660 using a three-dimensional photonic crystal tunable filter 1668 and 
the related spectrum, respectively, in accordance with the present invention. The 



BNSDOCID: <WO_. 03G58307A3_IA> 



WO 2003/058307 PCT/US2002/04 1 592 

-42- 

principles described with respect to Figure 48A apply here with the exception that the 
photonic crystal is periodic along all three different axes. 

Figure 49C is a view of a three-dimensional photonic crystal structure 1680 realized 
by a lithographic pattern and exemplary angle-controlling etching methods in 
5 accordance with the present invention. 

Figure 49D is a cross-sectional view 1690 of elements in a three-dimensional 
photonic crystal structure realized by a lithographic pattern and exemplary wet-dry 
mixed etching technologies in accordance with a preferred embodiment of the 
present invention. 

1 0 ■ Figure 50 illustrates a dynamic four port optical add/drop multiplexer 1 700 in 
accordance with a preferred embodiment of the present invention. The multiplexer 
1700 provides the ability to dynamically add or drop signals. The device employs a 
photonic crystal tunable filter which includes a resonator system disposed between 
waveguides such as waveguides 1708, 171 8, The input port 1702 is coupled to an 

1 5 input waveguide 1 708 which carries a signal having a plurality of frequencies. The 
optical multiplexer is disposed between the input waveguide 1708 and the add and 
drop ports 1710, 1712. 

Figure 5 1 illustrates a multi-port wavelength router in accordance with a 
preferred embodiment of the present invention. The multi-port dual-wavelength 

20 router 1750 has a plurality of multicavity tunable filters 1758, 1772 andaphotonic 
crystal band gap reflector 1774. Additional wavelengths are carried by waveguides 
1762 and 1782 while signals are dropped by ports 1776 and 1780. 

Figures 52A and 52B illustrate graphically the levels of cross talk in a single 
cavity filter and a multi-cavity device, respectively, in accordance with preferred 

25 embodiments of the present invention. The level of cross talk in a multi-cavity filter 
device as illustrated in graph 1 800 is lower than the level of cross talk in the graph 
1810. The integrated multi-cavity filter forms a flat top filter, with low cross talk and 
polarization independent characteristics. In a preferred embodiment, the multi-cavity 
filters can be formed as circuit chips and approximately 650 circuit chips can 

30 populate a square inch. 

Figure 53 A is a multi-functional device 1850 including an optical add/drop 
multiplexer, an optical performance monitor 1852, a power tap, a dispersion 
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compensation module 1854 and a wavelength router 1856. The output port in a 
preferred embodiment is a multi-output port with separate add and drop channels. 

Figure 53B is a schematic illustration of a 2 x 2 wavelength router 1 860 with 
an integrated tap. The wavelength router includes the dynamic chromatic dispersion 
5 compensator, WDM filters, and a power tap as well as the approximately 100% 
reflectors 1862. Several integrated taps are used to split several percentages of 
optical signals into the optical performance monitors. 

Figure 54A is a schematic diagram of a photonic crystal device having zero- 
radius waveguide bends in accordance with the present invention. The device 

10 includes photonic crystal reflectors with low loss characteristics. The waveguides, 
such as waveguide 1890, have dimensions to enable optimal fiber coupling. For 
example, the waveguide dimensions are 6 x 6 jim2. The device configuration 
includes a fan-in and fan-out configuration for the inputs and outputs. 

Figure 54B graphically illustrates the reflectivity versus the wavelength of the 

15 photonic crystal device illustrated with respect to Figure 54A. The curves illustrate 
the polarization independence of the 90° photonic crystal reflectors. 

Figure 55 is a preferred embodiment of a variable optical attenuation spectral 
equalizer array 2820 in accordance with the present invention. The spectral equalizer 
array 2820 makes the multi-channel optical power level flat in dense wavelength 

20 division multiplexer (DWDM) amplification. Based on the theoretical analysis of 
three-dimensional volume grating, the optical diffraction ratio can be dependent on 
the wavelength with polarization independency. The two-dimensional photonic 
crystal (PC) diffraction grating such as present in the tunable photonic crystals 
diffracts only one polarization electric field while another polarized light is 

25 transmitted through. Thus, the photonic crystal grating can be made to diffract the 
TE mode only in wavelength dependency, while the TM mode passes through 
without loss in waveguide, or vice versa. 

There are several groups of photonic crystal diffraction gratings. Each group 
is composed of two diffraction gratings as a central wavelength 7d and with 

30 bandwidth AXi, one working for TE mode and another for TM mode. Diffraction of 
light is adjustable independently in different group of gratings, resulting in a flat 
power level over a desired wavelength range. 
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Figure 56 is a cross-sectional view 2840 of the spectral equalizer array 
illustrated with respect to the preferred embodiment in accordance with the present 
invention in Figure 55. 

Figures 57A and 57B graphically illustrate the spectrums 2860, 2870 at the 
5 input port and the output port of the preferred embodiment illustrated in Figure 55. 
The output spectrum is flattened over the desired wavelength range. 

Figure 58 illustrates an alternate preferred embodiment of a resonant coupled 
waveguide structure 2900 in accordance with the present invention. A silicon 
substrate 2906 has a cladding 2908 disposed over the substrate. A plurality of 

10 photonic crystal waveguides 2910a.. .n are disposed in the cladding. The use of this 
alternative embodiment of the waveguide structure comports with the increasing 
interest in photonic integrated circuits (PIC's) and the increasing use of all-optical 
fiber networks as backbones for global communication systems which have been 
based in large part on the extremely wide optical transmission bandwidth provided by 

1 5 dielectric materials. This has accordingly led to an increased demand for the 

practical utilization of the full optical bandwidth available. In order to increase the 
aggregate transmission bandwidth, it is generally preferred that the spacing of 
simultaneously transmitted optical data streams, or optical data channels, be closely 
packed to accommodate a larger number of channels, such as guides 2910a. . .n. In 

20 other words, the difference in wavelength between two adjacent channels is 
preferably minimized. 

This configuration 2900 accesses one channel of a wavelength division 
multiplexed (WDM) signal while leaving other channels undisturbed and can be used 
for optical communication systems. The resonant coupled waveguide structure 

25 provides for channel dropping because it can potentially be used to select a single 
channel with a very narrow linewidth. The waveguides, for example, 2910a.. n, the 
bus 2902 and the drops, are coupled through the waveguide structure. While WDM 
signals, (i.e. multi-frequency signals) propagate inside one waveguide (the bus), a 
single frequency-channel is transferred out of the bus and into the other waveguide 

30 (the drop) either in the forward or backward propagation direction, while completely 
prohibiting cross talk between the bus and the drop for all other frequencies. 
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The performance of the resonant coupled waveguide structure may be 
determined by the transfer efficiency between the waveguides. Perfect efficiency 
corresponds to 100% transfer of the selected channel into either the forward or 
backward direction in the drop, with no forward transmission or backward reflection 
5 into the bus. All other channels remain unaffected by the presence of the waveguide 
structure. 

The forward propagating wave in the bus excites a rotating mode in the 
waveguide structure, which in turn couple into the backward propagating mode in the 
drop. Ideally, at resonance, a 100% transfer can be achieved. However, radiation 
10 losses inside the waveguide structure have the- effect of reducing the transfer 

efficiency. Furthermore^ the resonant coupled waveguide structure supports multiple 
resonances. The photonic crystal microcavities do not suffer from intrinsic radiation 
losses, and can be truly single mode, and are somewhat insensitive to fabrication- 
related disorder. 

15 In alternate preferred embodiments of the present invention, a Gires-Toumois 

etalon is an asymmetric Fabry-Perot cavity with a rear mirror reflectivity of 100 %, 
while the front mirror is a partially reflecting dielectric coating with R < 1 00%. 
Figure 59 illustrates the asymmetric Fabry-Perot cavity in accordance with the 
present invention. The reflectivity of the whole stack is approximately 100%, 

20 because light cannot pass through the second mirror 3006 and the whole stack is 

lossless. All the electromagnetic energy is reflected provided the mirror reflectivity 
remains approximately 100% in the spectral regions of interest It is an ideal 
configuration to have a purely phase modulation, which in preferred embodiments is 
used in the application of a chromatic dispersion compensation. 

25 In this preferred embodiment of a Gires-Toumois etalon device 3000, the 

reflection coefficient can be written as the following: 



r = e v — 

l-VR.e~ 2i(p 

where ^ is given by 
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The phase shift upon reflection, V is defined in equation (17a) and can be 
expressed in terms of cp as 

In the limit when the reflectivity of the front mirror vanishes (R = 0), this 
5 phase is reduced to 2^ , which can be defined simply as the round trip optical phase 
gained by the light beam. When the reflectivity is greater than zero (R > 0), the 
phase V may be substantially increased because of the multiple reflections in the 
asymmetric Fabry-Perot cavity . It means that the chromatic dispersion of the cavity 
material can be magnified. Figure 60 shows the phase ^ plotting versus wavelength 
1 0 from equation (1 8) in accordance with a preferred embodiment of the present 
invention* 

This result illustrates that the chromatic dispersion is nearly zero at most 
wavelength ranges, except in the narrow band wavelengths that fulfill the cavity 
resonant conditions. This characteristic is very useful to the applications like as 
15 chromatic dispersion compensation and optical delay lines at discrete wavelengths. 

In the material, components and transmission systems, the traveling time T 
for a group of velocity vg and optical path L is 



L , r dj3 dyr 

V g OG) d<£> 



(19) 



where P is the propagation constant and P' is the first derivative with 
20 respect to 03 . The variation of traveling time T with respect to frequency ^ is 

do Bar da 2 



(20) 



Pit 
— - is the second derivative with respect to & . 

For a signal with a spectral width Aco , then the traveling time extension At 



is 



5> 



25 5«r (21a) 



or 
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Ar = - hr-AX 

I 2 do- (2lb) 
The optical pulse extension can be expressed by the Group Velocity 
Dispersion (GVD) coefficient a as the following: 
At = oLAg> 
1 d> 



a~- 

(22) 



L 5a> 2 



5 Thus, the pulse spread caused chromatic dispersion depends on ^ . 

Starting from (18) equation, the second derivative (group-velocity dispersion 
coefficient) of the phase of light reflected from G-T etalon can be expressed as 

AO = ffl[g jV = 2 (n£\ 2 4^(l-V^) 2 sin(2y) 

«•» UJ 1-7* [J_V5]T + 4V*-n*Wj (23) 

By equation from (18) and (23), the group- velocity dispersions can be 
1 0 calculated for the light beams through the Gires-Toumois (G-T) etalon device in 
accordance with a preferred embodiment, as shown in the Figure 61, in which the 
front mirror reflectivities are respectively 0,95 and 0.9. The value of d = 50 X c/n and 
the center wavelength Ac is 1550 nm. 

The group-velocity dispersion (GVD) has a number covering a range from the 
1 5 negative and positive ones in the wavelength range around the cavity resonance, 
which can be adjusted by the fitness of the cavity according to the relation (23). 
These characteristics are very useful to correct the signal pulse extension caused by 
the chromatic dispersion. The propagation of light in a long fiber is supposed to 
create the extension Ax of optical pulse, because of the chromatic dispersion of 
20 guiding mode and material of fiber. The extension Ax is positive. The central 

wavelength of pulse Ac is within the resonant range in G-T etalon and ^ x < ^ . The 
pulse width is compressed by Ar 1 = AOAcd _ j 0 achieve At'+At = 0 ? the pulse 
extension can be completely compensated through the Gires-Toumois etalon. 

As mentioned hereinbefore, group- velocity dispersion exists only around the 
25 resonant wavelength, and the resonant wavelengths are determined by the cavity 

length and the refractive index of etalon materials. These characteristics provide the 
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way to tune the compensating wavelengths. Thus, either index or the etalon length 
can be used to realize the tuning functionality for the chromatic dispersion 
compensation* Figure 62 shows one such simulation result of tuning for GVD 
compensation. 

5 Moreover, this kind of chromatic dispersion compensation can be achieved 

for a series of wavelengths at one Gires-Tournois etalon, if the etalon has the multi- 
resonant longitudinal modes. Supposing mode separation in wavelength is equal to 
the channel space in DWDM, the tunable chromatic dispersion compensation is 
feasible to whole channels of DWDM at one tunable Gires-Tournois etalon. 

10 In a preferred embodiment, heterogeneous integration devices are formed by * 

combining formation and etch processes, including coating interior surfaces of 
optical MEMs and microfluidic devices, interior surfaces of fibers and fiber bundles, 
and creating three-dimensional structures by cycles of etch, SFD and/or conventional 
deposition. Preferred embodiments include free space integrated optics, which are 

15 small Micro-Electromechanical Systems (MEMs) longitudinal designs on surfaces, 
but which do not involve waveguides. 



Table 1.0 





MEMs Technology 


Photonic Crystal 
Technology (3-cavity) 


Insertion Loss 


2.5-3dB 


1.5dB 


Contrast ratio 


40dB 


40dB 


Channel selectivity 


50dB 


60dB 


Filter width @3dB 


40pm 


100pm 


Filter width @25dB 


400pm 


150pm 


Tuning range 


45nm 


45nm 


Wavelength 


1500-1630nm 


1500-1600nm 


Operating Temperature 


0-70C 


0-70C 


Operating Humidity 


5-95% 


5-95% 


Price (1-10) 


$5,000 


$1,000 


Price (1000+) 


$3,500 


$500 
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Table 1.0 illustrates a comparison of photonic crystal technology and MEMs 
technology. Recent advances in micro-electro-mechanical systems (MEMS) have 
made it possible to produce compact optomechanical structures and microactuators at 
5 low-cost, using batch-processing techniques. Movable optomechanical structures, 
micromotors rotating at record speeds (over a million revolutions per minute), and 
linear microactuators with extremely high accuracy (on the order of 10 nm) are just a 
few examples. MEMS technology has opened up many new possibilities for optical 
and optoelectronic systems, including optomechanical devices that can be 

1 0 monolithically integrated on a single chip. Compared with macro-scale 

optomechanical devices* micromechanical devices are smaller, lighter, faster (higher 
resonant frequencies), and more rugged. Very efficient light modulators, switches, 
broadly tunable lasers, detectors, and filters can now be realized. This family of new 
devices is called micro-opto-electro-mechanical systems (MOEMS) or, simply, 

15 optical MEMS. The applications of optical MEMS include projection and head- 
mounted displays, optical data storage* printing, optical scanners, switches, 
modulators, sensors, and optoelectronic components packaging. Preferred 
embodiments of the present invention integrate MEMs devices and photonic crystal 
devices discussed hereinbefore. 

20 MEMS technology includes both bulk and surface micro machining in bulk 

micromachining, precise mechanical structures created on silicon wafers by 
anisotropic etching. The etching rate of silicon in crystal planes is much slower than 
in other planes in etchants such as EDP, KOH, or TMAH. As a result, bulk 
micromachining can create very precise V-grooves, pyramidal pits, and cavities. 

25 These V-grooves for positioning or aligning optical fibers and micro-optics can then 
be coated with materials using SFD technology discussed herein. 

In contrast to bulk micromachining, in preferred embodiments of the present 
invention, surface micromachined structures can be made entirely from thin films 
deposited on the surface of a wafer using SFD. Alternating layers of structural and 

30 sacrificial layers are successively grown and patterned on the substrate. Sacrificial 
etching, the key technology for surface micromachining, selectively removes 
sacrificial layers from underneath the structural layers, creating free-standing thin- 
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• film mechanical structures. Polysilicon thin films and silicon dioxide sacrificial 
layers are popular surface micromachining materials because of their mechanical 
properties and the high selectivity of sacrificial etching. Other material combinations 
may be configured, for example, using aluminum structural layers and organic 
5 sacrificial layers for a digital micromirror device and integrating micromirrors on 
silicon chips with a complementary metal dioxide-semiconductor (CMOS) transistor 
driving circuit for projection display application. 

MEMS technology has made it possible, for the first time to integrate an 
entire optical table onto a single silicon chip. Optical elements such as lenses, 

10 mirrors, and gratings are batch fabricated along with the XYZ stages and the 

microactuators. Several XYZ stages are used to align the microlenses and a tunable 
optical delay line to form a femtosecond optical autocorrelator. Similarly, many 
other optical functions can be implemented on a free space micro-optical-bench (FS- 
MOB) in accordance with preferred embodiments of the present invention. FS- 

1 5 MOBs offer many advantages over conventional optical systems. 

One of the most important building blocks of FS-MOB is the out-of-plane 
micro-optical elements. Their optical axes are. parallel to the substrate so that the 
optical elements can be cascaded, similar to the bulk optical systems built on optical 
tables. Conventional micro-optics fabrication techniques can only produce in-plane 

20 microlenses, that is, microlenses lying on the surface of the substrate. In MEMS FS- 
MOB, the surface-micro-machined microhinges can "flip up" the microlenses after 
they are fabricated. 

The out-of-plane micro-optical elements can also be integrated with actuated 
translation or rotation stages for optical alignment or tuning of an optical circuit such 

25 as one formed in accordance with preferred embodiments of the present invention 
using SFD. Instead of anchoring the optomechanical plates to the substrate, it is 
attached to another suspended polysilicon plate, which is free to move in the 
direction determined by the confinement structures. 

The preferred embodiments are simulated and analyzed using simulation tools 

30 such as, but not limited to, Translight, provided by the University of Glasgow, which 
provides the ability of theoretical modeling. 
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Preferred embodiments of the present invention include at least one integrated 
functional block such as, for example, a wavelength filter, a chromatic dispersion 
compensator, a signal router and a variable optical attenuator. The wavelength filter 
includes a fixed, tunable or hitless tunable filter. The chromatic dispersion 
5 compensator provides for a plurality of magnitudes and slope matching. As 

discussed previously the signal router includes zero radius bends and/or taps. Thus, 
photonic circuits are fabricated by integrating nano-scale optical elements within 
conventional high-performance silica planar waveguides. 

The preferred embodiments include filling silicon waveguides with silica, 

10 titania, copper oxide or air. Filling the waveguides with materials other than air 

allows for larger features to be utilized. Silica waveguides are thin and the cladding 
may be air or thin silica to reduce the fill aspect ratio. The silica waveguides can 
have dimensions such as, for example, 4 x 4 ^im or 4.5 x 4.5 |im, without limitation. 
Figure 63 graphically illustrates the photonic bandgap effect, refractive index 

1 5 and the C-band Bragg dimensions in accordance with the present invention. In this 
plot the x-axis is the index of refraction of the waveguide host material. For a 
device fabricated in silica this index is approximately 1 .46. For devices fabricated in 
H-V or Si material systems the index is approximately 3.5. The curve labeled 
"lattice fill, n = 1" indicates on the left-hand axis the photonic band gap parameter 

20 for a photonic crystal etched into a waveguide host as a function of the waveguide 
host index. In this embodiment, the fill material is air with an index of 1 .0. The 
exact photonic bandgap depends in detail on the structure and wavelength, however 
it is governed by the index contrast between the two materials of the photonic- 
crystal. The parameter plotted is n2 - m2/n2 where n and m are the indices of the 

25 two materials. At a waveguide host index of 1 .0 the waveguide is homogeneous and 
no photonic bandgap exists. As the host index increases the potential bandgap 
increases and becomes large at waveguide host index values > 2.0. As a result, most 
embodiments including photonic crystals have focused on material sets such as, for 
example, Si, GaAs, InP, with high index values and hence large photonic bandgap 

30 parameters. 

The curve marked "lattice fill n= 2.7" is representative of the performance of 
a photonic crystal structure fabricated with a Ti0 2 material. At a waveguide host 
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index of 2.7 the waveguide is again homogeneous and there is no bandgap. At a 
waveguide host index of 1 .46 a substantial index contrast and bandgap effect exist 
Thus photonic crystal structures in silica waveguides with usable properties can be 
fabricated in silica host materials providing that structure are comprised of mixtures 
5 of silica and high index materials. Structure fabricated solely by etching of features 
in silica may not in general have usable photonic bandgap effects. TiC>2 is used in 
preferred embodiments as a representative material without any limitation. Other 
high index materials such as other metal oxides, for example, CuOx, HfOx, TaOx, 
ZrOx, or semiconductors such as, for example, Si, Ge, or SiGe alloys, and IH-V (for 

1 0 example, GaAs ) II- VI (for example, InP) materials also exhibit large photonic 
bandgaps and are used in preferred embodiments. 

Figure 63 also addresses the manufacturability of these structures. The right 
axis plots the representative feature size required as a function of waveguide host 
index. The Bragg criteria dimension is chosen at a wavelength of L55 urn as a 

1 5 figure of merit. This is defined as (lambda)/4n, where n is the host index. For a 

large host index the wavelength is reduced and the required feature size shrinks. For 
an index > 3.0 this parameter is at the limits of manufacturability (<0.1 um) with all 
but the most advanced methods. When the dimensional tolerance of these features is 
included the task becomes even more difficult. In contrast silica hosts have much 

20 reduced requirements and are easily manufactured. 

Figure 64 A is a schematic view of an integrated multiple resonant cavity 
compensator 3440 in accordance with a preferred embodiment of the present 
invention. The compensator 3440 includes planar waveguide circuits 3452 and GT 
cavity 3444. The compensator is characterized as having low insertion losses and 

25 low PMD. 

Figure 64B graphically illustrates the time delay of the dispersion 
compensation (ps/nm) versus channel spacing for the multiple resonant cavity 
compensator in accordance with the preferred embodiment illustrated in Figure 64A. 
The channel spacing is approximately 50 GHz and compensation is in the order of 

30 approximately 2000 ps/nm. 

Figures 65 A and 65B are schematic diagrams of integrated functional blocks 
integrated in application specific circuits in accordance with preferred embodiments 
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of the present invention. The application specific circuit 3480 in Figure 65A 
includes a dispersion compensation 3482 that may be preset, a slope compensator 
3484 and a wavelength filter 3486 that is hitless. The circuit 3500 in Figure 65B 
includes a dispersion compensator 3502, a plurality of tap and optical (OPM) filter 
5 3504, 3512, and an n-channel optical add-drop multiplexer (OADM) 3506. 

Figures 66A and 66B are diagrams illustrating a module on an integrated 
circuit chip 3520, for example, a multiplexed ROADM Optical node application, 
and a multichannel ROADM metro access application, respectively, in accordance 
with a preferred embodiment of the present invention. The insertion loss is less than 

1 0 approximately 2.0 dB s PDL is less than approximately 0,2 dB, PMD less than 

approximately 0. 1 ps and tuning time less than approximately 50 ms. The module 
on chip includes a plurality of flat-top tunable filters with four ports, cascaded by 
zero-radius bend reflectors 3524. 

Figure 67 graphically illustrates the spectral plots for the refractive index (n) 

1 5 and the absorption coefficient (k) with respect to wavelength for silicon dioxide 

(silica) deposited using the SFD process in accordance with a preferred embodiment 
of the present invention. This deposition can be performed with an organic silicon 
precursor, Tetraethoxysilane (TEOS) precursor in a supercritical C0 2 ambient at a 
temperature of approximately 250 degrees C. Similar alkyoxide precursors exist for 

20 many metal species. These have very similar reaction pathways for the deposition of 
a metal oxide film. The demonstration of fully dense Si0 2 by this pathway indicates 
that the foil range of metal oxides can in principle be deposited via this method. 

Preferred embodiments of the present invention include one-dimensional 
photonic crystal lattice structure, in which the bandgap effect is still available for a 

25 certain wavelength range and a relative small incidence angle (< 20 degrees). 
Figures 68A and 68B illustrate the schema of one-dimensional photonic crystal 
planted in a photonic lightwave circuit (PLC). The thickness d s of each layer in such 
one-dimensional photonic crystal is equal to the quarter wavelength in materials. 
However in another embodiment, a modification of thickness of each layer is 

30 possible if the following relation is satisfied for each layer and N; is kept to a small 
number in the following equation. 
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d, = 




(24) 



where i - 1, 2, ; N £ = 0, 1, 2, ... 

Moreover, equal thickness of each layer is also possible when the dimensions di and 
d2 are close to each other using a small Ni number. 



crystals composed of silica (waveguide material) and silicon (filling material) at the 
normal and 10 degree incidences of light. Whole C and L band are entirely covered 
by the one-dimensional photonic crystal bandgap. The reflection spectrum is 
illustrated in a one-dimensional photonic crystal composed of silica and silicon 

10 having a period of 1 .6 [im and di and d 2 being the same. 

Figure 70 graphically illustrates a reflection spectrum of a one-dimensional 
photonic crystal composed of silica and oxide material having a refractive index of 
n= 2.5, a period of 1 ,54 ^im and a value of same d] and d 2 . A large feature (0.6 - 0.9 
jam) of one-dimensional photonic crystal is provided by using high index material 

15 such as silicon, thus utilizing the materials having the indices from 2.2 to 3*5 for the 
one-dimensional photonic crystal having a large feature. Further, the equal size 
feature of the one-dimensional photonic crystal is provided when the layer's 
thickness is close to each other as provided by using the Equation 24. By the 
simulation, entire C&L bands are still covered by bandgap when the feature ratio 

20 (di/d 2 ) changes from 0.9 to LI, which results in acceptable tolerances for 
fabrication. 

Waveguide cascaded or a coupled cavity all-pass filters (W-CC) based on 
photonic crystal mirrors can provide compact, low-loss and highly stable 
compensation for chromatic dispersion. Fundamentally, it is an immigration of a 

25 thin film based all-pass filter implemented in a waveguide platform* The article 
entitled "The Realization of All-Pass Filters for Third-Order Dispersion 
Compensation in Ultrafast Optical Fiber Transmission Systems," Jablonski, Mark et 
al., Journal of Lightwave Technology, VoL 19, No* 8, August 2001 describes 
coupled cavity filters, the entire teachings of which are incorporated herein by 

30 reference in its entirety. Each mirror in the waveguide cascade cavity all-pass filter 
is composed of a group of the photonic crystal structure, wherein the reflectivity is 



5 



Figure 69 illustrates the simulation results of one-dimensional photonic 
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determined by the parameters of the photonic crystal. Figure 71 illustrates the 
general cascaded N-cavity of the G-T structure, while Figure 72 illustrates one 
preferred embodiment of the cascaded cavity filter with photonic lightwave circuit 
for chromatic dispersion compensation, where the input and output are separated in 
5 accordance with the present invention. 

Figure 64B illustrates graphically the numerical results of a simulation about 
a multi-channel waveguide cascaded cavity all-pass filter for a chromatic dispersion 
compensation in accordance with a preferred embodiment of the present invention. 
The waveguide cascaded cavity filter is composed of a four-cavity G-T structure, 

10 The slope of the time delay corresponds to the chromatic dispersion compensation, 
approximately -2000 ps/nm. The G-T etalon is designed for 10 GHz bandwidth 
channels centered at a wavelength of 1544 nm and a 50 GHz channel spacing. 

A preferred embodiment of the present invention includes a method of 
fabricating photonic crystals in oxide waveguides and filling with silicon or silicon 

15 oxide or silicon air composites without limitation. The method consists of etching 
holes in oxide waveguides, and filling holes with a CVD process based on, for 
example, silane, dichlorosilane or other silicon precursors. Chemical vapor 
deposition processes for highly conformal deposition are well known in the 
microelectronics industry for fabrication of structures in memory, power device, and 

20 micromechanical devices. The preferred embodiment described herein applies these 
films and processes to the area of photonic devices, in particular photonic crystal 
devices. Alternate methods include the fill process occurring in a highly conformal 
manner to leave a small void or dimple behind* The effect of this void is to modify 
the effective refractive index of the fill, allowing for control of the effective index 

25 variation via control of the film thickness. A further alternative includes the use of 
germanium in place of silicon, or Si/Ge alloys. In addition, a multilayer stack can be 
deposited consisting of silicon, oxide, or silicon. This structure is analogous to a 
dynamic random access memory (DRAM) trench capacitor. By voltage biasing of 
the structure the carrier density, depletion widths, and optical properties can be 

30 shifted* Another alternative preferred embodiment includes the deposition of either 
an amorphous or polycrystalline film depending upon the deposition conditions. 
Either a-Si or poly-Si may be used as the fill material and may be deposited by 
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chemical vapor deposition. A number of methods are known for depositing these 
films in electronic or micro-mechanical applications. Precursor gases can include, 
for example, dichlorosilanes and other silanes and chlorosilanes SiHxCly, where x = 
0, 1, 2, 3, 4 and CI - 0* 1, 2, 3, 4. Chemical vapor deposition methods include 
5 atmospheric pressure CVD (APCVD), low pressure CVD (LPCVD) in either hot or 
cold wall reactors. Alternately, plasma enhanced CVD methods may be used. 
Typically in APCVD and LPCVD systems, temperatures are less than 575-600° C 
give amorphous material while temperatures greater than 600° C give polycrystalline 
material. A preferred embodiment for producing optical devices is a LPCVD 

10 method operating at a pressure of approximately 0.25-1 Torr and a temperature of 
less than 500-550° C. For device designs in which poly silicon is desired the 
deposition temperature may be in the range of 600-650° C. Alternately, amorphous 
silicon films can be deposited at a lower deposition temperature and recrystallized in 
a high temperature anneal step at greater than 600° C or via laser induced 

1 5 recrystallization or by other methods well known in the art. In order to achieve 
highly conformal coatings it is desirable that the growth mechanism be limited by 
surface reaction rate and not be transported to the growth surface. This aspect of the 
reaction can be enhanced through either lower growth rates, lower temperature, or 
use of precursors with high stability on the growth surface. 

20 Filling of high aspect ratio features requires that reactants be transported into 

the features to be filled prior to dissociation or reaction and that by-products can be 
transported out of the system without interfering with transport of additional 
precursors into the feature. Because of these considerations it is desirable to use 
precursors with relatively simple and high mobility by products such as silane as 

25 opposed to more complex organo-silanes. 

If Ge (amorphous or poly) or SiGe alloys are desired Ge may be supplied by 
similar precursors such as Germane (GeH4) or GeClxHy precursors. In addition to 
the precursors listed herein above other halides of Ge or Si can be used as well as 
organic compounds. Exemplary halides, but not limited to, are listed in Sorab K. 

30 Ghandi's, VLSI Fabrication Principles, 2 nd edition, Wiley, NY and are incorporated 
herein by reference in their entirety. 
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Further, metallic Ti, Ta, and other transition metals can be deposited by 
reduction of organic or halide compounds via a thermal or plasma-enhanced route. 
Common precursors are Chlorides (for example, TiC14) or organics such as, for 
example, tetrakis-(dimethylamido)titanium (TDMAT). Most metallic Ti is currently 
5 deposited via a plasma process at low temperature, (for example, 350-500° C) which 
is not purely confonnaL This temperature limitation is due to the specifics of 
microelectronics manufacturing which do not apply here. At a temperature of 600- 
700° C thermal CVD of Ti from TiCI4 can be performed with good conformality. A 
preferred embodiment uses a temperature of 400-700° C which is sufficient to 

10 • achieve a highly conformal film. In addition, Cu films and liners can be deposited 
from organic compounds such as Cu(hfac) s which is well known in the integrated 
circuits industry. No copper chlorides exist with high volatility at low temperatures. 

For all metal depositions the metal films can be used in metallic reflector 
structures without modification. Alternately the metal films can be oxidized in an 

1 5 ambient of 02, water vapor, or other oxidizing species to produce a film of the metal 
oxide. This film typically undergoes a volume expansion (for example, for Ti02 by 
a factor of 1 .7) and hence a lined feature can be filled with via this method. The 
teachings in Choi et al, Bull Korean Chem Society, Vol 16, pg 701, 1995 regarding 
thermal oxidation are incorporated herein by reference. Similar oxidation pathways 

20 will exist for other metals for oxidation to metal oxides. Figures 73A-73B illustrate 
data of different characteristics for a sample oxidized at 700°C. Figure 73A 
illustrates ellipsometric data and fits, while Figure 73B illustrates the optical 
constants of the film derived from the fits. The optical fits include, for example, 
index of refraction and extinction coefficient. Figure 73 C illustrates a XPS depth 

25 profile for a thermally oxidized sample, oxidized in ambient atmosphere at a 

temperature of 700°C for eight hours. The composition of the film is 2:1 0:Ti and is 
uniform through the film bulk. The interface is comprised of a SiTiO grading. The 
XPS depth profile is for a 1700 A thick film on Si0 2 . The interface intermixing of 
Ti and Si oxides may be due to diffusion or to an artifact of the sputter depth profile 

30 process. 

Alternatively, isotropic etch processes can be used in a sequential fashion 
followed by additional sequential deposition processes to open the top of the feature 
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and allow for enhanced filling. Further, for metal depositions a tungsten - CVD 
(WCVD) process can be used. Other metals, such as, for example, Ta, Ti, Cu can be 
used in the alternative. W-CVD typically occurs from a WF6 precursor via a 
hydrogen (H 2 ) or silane reduction at temperatures of 400-800°C. Alternatively, 
5 plasma enhance chemical vapor deposition (PECVD) is based on the deposition of a 
gaseous compound near the substrate surface can also be used. Further, thermal 
CVD is used in another preferred embodiment. WO x has a relatively low index of 
refraction and hence is less desirable than Ti02 or CuO. 

A preferred embodiment of the present invention includes a method 3700 as 

10 illustrated in Figure 73D for fabricating a three-dimensional photonic crystal 
structure in oxide materials based on waveguide oxidation. The method 3700 
consists of the step 3702 of depositing a polymer or other easily anisotropically and 
isotropically etched first material A, for example, photoresist. The method then 
includes the step 3704 of deposition of a waveguide layer, for example, for a 

15 structure to be later oxidized, for example, amorphous silicon doped with Ge or 
other index increasing dopant can be used. The next step 3706 includes the 
deposition of the first material A over the silicon layer. Further, the method includes 
the deposition of a mask, photoresist or other mask materials including, for example, 
hard masks and other polymers and patterning of the hard mask by methods, for 

20 example, dry etching to a feature size consistent with the smallest desired features in 
the final device per step 3708. 

The method then includes the step 3710 of etching of the stack consisting of 
material A/Ge:Si/A with an anisotropic etch to produce photonic crystal structures 
with a diameter or width of approximately 0.5-1 urn and a pitch of 1-1.5 urn. Per 

25 step 3712, the structure is etched with a selective isotropic etch, either dry or wet, 
which etches either the photoresist or the waveguide layer laterally increasing the 
feature diameter or width in that layer. As an alternate process flow to produce a 
three-dimensional or quasi three-dimensional structure the feature can be etched 
laterally with an isotropic Si or SiGe etch ( per step 3712). In an embodiment that a 

30 one or two-D structure is desired this step can be eliminated. Note that Si with other 
dopants or even undoped Si may be used, hence SiGe is not essential to this method. 
The advantage of this method is that the materials to be etched (Si or SiGe and 
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material A), may be much easier to etch than SiC>2, for example, Si etching of high 
aspect ratio features is well established using, for example, the Bosch Process, while 
etching of similar high aspect ratio features in Silica have not been demonstrated yet 
Material A may be chosen such that is it relatively straightforward to etch at the 
5 desired feature size and tolerance. A preferred embodiment can use a polymeric 
material which easily etches in oxygen chemistries. 

The method 3700 then includes the step 3714 of filling of the feature with a 
method capable of filling small voids, for example, using CVD, electroplating, or 
chemical fluid deposition methods, without limitation. The material of the fill can 

1 0 be either a metal or dielectric; The next step 3716 includes the removal of the resist * 
layer by an isotropic etch, and in a preferred embodiment, following definition of a 
waveguide strip structure to expose the feature sides. This results in a suspended 
silicon line with photonic crystal structures which extend out of the silicon line. The 
method then includes the step 3718 of oxidizing of the silicon line to produce a 

1 5 guide layer which is suspended and in which is completely encased, or partially 

encased, a photonic crystal structure with variation along the direction parallel to the 
original surface normal. The method 3700 then includes the step 3720 of depositing 
of a cladding layer with a method capable of filling under the suspended line and of 
void free filling around the photonic crystal structure. Alternately, the suspended 

20 line can form a waveguide without encapsulation. In this embodiment the guiding 
structure is clad by air (n = 1)* 

In an alternate preferred embodiment, the silicon waveguide can be replaced 
by an oxide waveguide on silicon* In this embodiment the etch depth must be 
increased because the oxidation step and growth do not occur. This requires a depth 

25 of approximately 6 urn. An amorphous or poly silicon mask can be used for material 
A, with the silicon wafer forming material A below. In this embodiment etches 
which are selective to either silicon or oxide can be used if desired to laterally etch 
either the Si or oxide layer and form a three-D or quasi three-D structure. For 
selective isotropic etching of Silicon oxide to silicon, for example, hydrofluoric acid 

30 (HF) or buffered HF can be used, while for selective isotropic etching of oxide to 

silicon, for example, sulfuric acid based, hydrazine, or ethylenediamine-based etches 
or others known in the art may be used. Following filling the silicon can be 
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isotropically etched and replaced or can be oxidized in-situ forming the cladding. 
These methods allow for fabrication of a three-dimensional structure with only a 
single mask step. Further, these methods utilize relatively simple materials and etch 
processes. 

5 Another preferred embodiment includes a method of fabrication of a three- 

dimensional photonic crystal structure, as illustrated in Figures 75 A-75D, using 
planar etch techniques. This method includes fabricating an "hourglass" profile, or a 
periodic variation in width or diameter of an etched structure. The method consists 
of the following steps including etching the structure to a depth hi, depositing a 

10 passivating film A, etching the structure to a depth h2, depositing a passivating film 
B, and repeating the aforementioned steps to produce a structure of depth N * (hi + 
h2) where N is the number of repetitions. At various points in the etch depth the 
sidewall is passivated with a stack composed of layers of, for example, A/B/A/B. . . 
with the layer immediately adjacent to the substrate being alternately A or B. During 

15 the etch process the plasma conditions are sufficient to prevent the deposition of 

either A or B on the feature bottom, but because of the lack of ion bombardment on 
the sidewall, the film at these locations is not removed. The method includes the 
structure being exposed to a selective etch that removes all B layers and is sufficient 
to remove A layers with underlying B layers by a lift-off mechanism. This results in 

20 a structure with bands of A layers with a height hi remaining where there was no B 
layer adjacent to the substrate. These bands are separated with bands of no 
passivation, where originally B passivation was adjacent to the substrate. The 
method includes the substrate being exposed to a selective etch which etches the 
substrate but not the A passivated bands. In these regions the feature is etched 

25 laterally, resulting in a periodic structure along the feature depth axis. The 

advantages of this method include allowing for fabrication of three-dimensional 
photonic crystal structures in materials where an isotropic in-situ etch and an 
anisotropic in-situ etch cannot be easily implemented. For example, in oxide 
systems a highly isotropic etch is difficult to achieve. This has the effect of limiting 

30 device structures to vertical sidewalls. Isotropic chemical etches are available but 
typically do not have the fine linewidth required. 
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In an alternative preferred embodiment a method including surface defined 
waveguides, including ion exchange and in-diffused waveguides is used, for 
fabricating a planar waveguide in glass or a glass on another substrate, for example, 
silicon wafer, and fabricating a photonic crystal structure. In-diffusion is used to 
5 form the waveguide, which can occur before or after waveguide formation. Further, 
glass wafers can be processed through standard wafer tools, either bare or with a 
backcoating. The advantages of this embodiment include the economical 
procurement of plane waveguides. Further, this embodiment offers waveguides with 
integrated gain medium, for example, Er4- as a relatively mature technology. EH- or 

10 other rare earth doping may allow for a gain medium to be added to the structure. 
This method is used in optical fiber amplifiers and similar materials in planar 
waveguide form, either in deposited waveguides or in-diffused waveguides. The 
addition of a gain medium allows for amplification of signals on the same die in an 
integrated fashion. It can also allow for gain flattening and for wavelength 

1 5 conversion through use of a standard gain saturated operating condition. 

An alternate preferred embodiment includes a method for fabricating a 
photonic crystal structure by defining the photonic crystal followed by filling of the 
waveguide structure. Figures 76A and 76D illustrate the method of defining the 
photonic crystal and subsequently filling the waveguide structure in accordance with 

20 the preferred embodiment of the present invention. The method includes etching to 
define a template for the photonic crystal structure, filling of photonic crystal 
structure by confonnal or near conformal techniques, an isotropic etch to release the 
photonic crystal structure, and encapsulation of the photonic crystal structure in a 
sacrificial layer* Alternately the photonic crystal can be etched and filled, followed 

25 by a separate step to define a rib. In those areas where the rib is removed the 

photonic crystal structure resists the etch and results in a set of released photonic 
crystal features which can then be encapsulated by, without limitation, for example, 
SFD. The advantages of this embodiment include the implementation with a rib 
waveguide by exposing only those photonic crystal structures which are outside the 

30 region of the waveguide, followed by filling with the cladding layer. 

Figures 77A-77D illustrate a method of manufacturing a photonic crystal 
waveguide device in which both the photonic crystal and waveguide are etched in 
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one step in accordance with a preferred embodiment of the present invention. The 
method of fabricating a photonic crystal filled with a dielectric, metallic or 
semiconducting medium includes the step of deposition of a film stack comprising 
of lower cladding index layer, guide index layer, and an overcladding layer. Further, 
5 the method includes the step of patterning by, for example, lithography and etching 
of the film stack to produce a photonic crystal structure and a rib or ridge waveguide 
structure. This is an alternative method to a fabrication flow in which the rib is 
patterned and covered with a cladding layer, followed by fabrication of the photonic 
crystal structure* . 

10 This structure results in a photonic crystal region which contains a higher 

index waveguide slab within it By optimization of the design of the photonic 
crystal the waveguide propagation can be reduced along the direction perpendicular 
to the transmission waveguide and hence low loss can be achieved. It has the 
advantage of lower cost in that only one mask level is needed to both define the 

15 photonic crystal and the waveguide. Additionally the lithography step is more 
straightforward as there is minimal surface topology present on the wafer. 

The method further includes the step of filling of the photonic crystal 
structure by conformal or near conformal methods resulting in filled photonic crystal 
features and a blanket film over the remainder of the device. Hie method then 

20 includes the step of removing of the photonic crystal fill material from all regions of 
the device with the exception of the photonic crystal structures by either isotropic 
etching which only minimally etches the structure due to either surface tension or 
aspect ratio dependent etch properties, timed etching which removes the blanket film 
but only a minimal portion of the photonic crystal fill, and patterning to protect the 

25 top of the photonic crystal features followed by a removal of the blanket material. 
The method then includes the step of encapsulation of the entire structure with an 
upper cladding layer which is index matched to the lower clad. Alternately the 
device can be fabricated as is as a rib or ridge waveguide. The advantages of this 
embodiment include a simple device fabrication sequence requiring fewer mask 

30 steps and no alignment of sequential masks. Because of the depth of the etch 

process used for the photonic crystal a rib can be etched at the same time without an 
additional process step. In order to maintain the propagation properties of the 
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waveguide and photonic crystal it may be necessary to modify the design of the 
photonic crystal to account for the fact that the entire region has a guide layer within 
the stack. This is an alternative to the applications in which the photonic crystal is 
etched into both the waveguide and the cladding layers after definition of the 
5 waveguide. 

Figures 78A-78F illustrate a method for manufacturing a planar waveguide 
device with integrated photonic crystal structures using oxidized waveguides in 
accordance with a preferred embodiment of the present invention. The method for 
making photonic crystal device structures includes regular arrays of features etched 

10 or embedded in a waveguide structure fabricated in Si0 2 . The photonic crystal, for 
example, might include a square or hexagonal plan view array of circular or near 
circular holes etched into a Si0 2 /Ge:Si0 2 /Si0 2 waveguide. These photonic crystal 
structures have characteristic dimensions of approximately 0.75 urn on a 1 urn 
periodicity. The method includes the following steps of etching of a desired rib or 

1 5 ridge structure in silicon or in a silicon layer on top of a Si0 2 or other layer. The 
bottom Si0 2 forms the bottom clad layer, etching of photonic crystal structure into 
silicon, oxidation of silicon structure with photonic crystal structure to form Si0 2 
structure with hole structure embedded, and filling of photonic crystal hole structure 
to form photonic crystal device structure. 

20 Alternatively, the filling step can occur prior to oxidation, followed by 

oxidation. The entire waveguide structure including doping profiles can be defined 
by doping and/or epi profiles in the silicon starting structure, which upon annealing 
and oxidation results in a doped oxide layer. Alternately, only a portion of the 
waveguide can be oxidized from silicon, for example, only the guide and upper clad. 

25 Further, alternately the portion of the photonic crystal above the waveguide guide 
layer might be deposited in silicon or in a photoresist mask, followed by stripping 
and oxidation of the guide. At this point the remaining photonic crystal structure 
extends above the guide and can be encapsulated by a deposition of cladding layer. 
The advantages of this embodiment include the fabrication of the desired photonic 

30 crystal structure directly in Si0 2 which requires the etching of structures with width 
of approximately 0.3-1 urn and height/depth ratio of approximately 15 um for aspect 
ratios of 1 5: 1 to > 45 : 1 . Such structures are difficult to manufacture in oxide due to 
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difficulties in etching of SiC>2. Compared to oxide > etching of silicon to high aspect 
ratios and depths is relatively straightforward. For example, etching using the Bosch 
Process to aspect ratios > 100:1 is well documented. The present invention allows 
for replacement of a difficult oxide etch process with a relatively mature silicon etch 
5 process. Further, because oxidation of silicon results in an increase in layer 

thickness of approximately 2.3 times the silicon layer required to produce the desired 
waveguide layer height is reduced by this factor. Thus in order to produce a 
waveguide stack of thickness approximately 6-10 um a silicon layer thickness of 
approximately 2.6-4 um is required. Thermal oxides with > 10 um thickness can be 

10 grown by standard methods on planar substrates. In addition, because the required 
silicon thickness that must be etched is reduced the etch requirements become even 
easier to meet and control over photonic crystal hole diameters that can be 
maintained to tighter tolerances. Further, because of the volumetric change upon 
oxidation some degree of stress in produced in the final device. This can be 

1 5 minimized by doping and use of oxidation temperature high enough to exceed the 
glass transition temperature or reflow temperature. Some residual stress due to 
differences in the coefficient of thermal expansion (CTE) of the oxide and substrate 
(silicon) result. By proper choice of doping level in the glass the CTE can be made 
equivalent to that of silicon (for example by P doping). 

20 The pitch and feature size requirements may be incompatible with oxidation 

prior to filling because of lateral growth of the oxide in the absence of fill material in 
the hole. Provided the fill material is stable to oxidation at the temperatures 
required, for example, use of most transition metal oxides, is not a problem. The 
waveguide device can have a gaussian doping profile or some similar diffusion 

25 dominated profile, unless a diffusion barrier is inserted on each side of the guide 
layer to stop lateral diffusion of the Ge or other dopant. Control of this profile 
through the initial layer profile and thermal process is possible. If wet oxidation is 
used the -OH groups remaining in the waveguide oxide may lead to somewhat 
higher loss. 

30 Figures 79A-79D illustrate a method or producing GaAs, InP or other III-V 

photonic crystals embedded in silicon oxide materials in accordance with a preferred 
embodiment of the present invention. This method can be used to provide emitters 
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and/or detectors, for example, GaN light emitting diodes. The method includes 
using the starting material, for example, a GaAs wafer with a AlGaAs layer, 
approximately 6 urn from the surface. This is an exemplary material system. Any 
material system with a high etch rate ratio etch stop layer can be used. The GaAs is 
5 etched into a structure with the desired photonic crystal dimensions, for example, 
approximately 0*5 urn features on a 1 urn pitch. This can be done by a dry etching 
process, for example. 

The method includes the deposition of silicon dioxide using a method 
capable of filling high aspect ratio gaps such as those defined hereinbefore. Further, 

10 the method includes planarization of the wafer surface oxide. In a preferred 

embodiment where the GaAs layer is to be electrically active the top surface might 
be exposed. Alternately the oxide layer might cover the top surface. The method 
then includes deposition of a top cladding layer over the planarized structure, 
followed by silicon wafer bonding of the GaAs and silicon wafers. Alternately the 

1 5 silicon wafer can have an oxide layer that forms the cladding. The GaAs wafer can 
be thinned from the back side either mechanically or with a highly selective etch 
down to the AlGaAs layer. The layer can then be precision lapped or dry etched to 
expose the oxide, leaving an oxide core layer with embedded GaAs structures. The 
method includes the step of the wafer then being capped by another oxide cladding 

20 layer. Further, patterning of the waveguide in the SiC>2 can occur at several points in 
the process flow, either immediately after deposition of the guide, or at a later point 
prior to the final encapsulation. 

Alternative embodiments include the incorporation of AlGaAs layers into the 
epi structure so that it is possible to etch back from the surface of the oxide on both 

25 sides to a buried layer of Al and thus have a recessed GaAs surface relative to the 
guide layer. By anisotropically etching the oxide selectively to the GaAs it is be 
possible to make a structure with the oxide surface recessed relative to the GaAs on 
each side (top and bottom) of the waveguide. Further, by starting with an 
appropriate epi structure it may be possible to fabricate three-dimensional photonic 

30 crystal functionality. The advantages of this embodiment include allowing high 

quality III-V to be integrated into the oxide photonic crystal device. This allows for 
active functionality to be incorporated. The steps of selective etch and wafer 
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bonding are established. The fill technology for high quality oxides can include 
CFD methods. 

A preferred alternative embodiment includes a method of fabricating filled 
photonic crystals with metal oxides based on deposition of metal liners followed by 
5 oxidation of the metal. Since oxidation typically results in a volume increase, proper 
choice of metal thickness can completely close the feature and leave a completely 
oxidized metal oxide filling the feature. The method includes lining a feature with 
appropriate thickness of metal using a technique such as CVD, ALD, or ionized 
PVD. Example of metals include the use of Ti, Ta, Cu, Al. The method includes 

1 0 the oxidization of the metal to produce a metal oxide via, for example, thermal 

oxidation, plasma oxidation, anodic oxidation. The oxidizing ambient can be one of 
a number well know in the art, for example, oxygen, air, water vapor, and NO 
compounds. The advantages of the embodiment include an ease to line features with 
material than to completely fill the approach minimizes the technical difficulty of 

1 5 achieving a full fill. The transport of oxidizing species to the oxidation front can be 
via either the silicon oxide layers or the metal and metal oxide. Lining technologies 
for W, Ti, Ta, Cu are well developed. 

Figures 80A-S0J illustrate cross-section views of a preferred embodiment of 
a photonic integrated circuit fabrication process flow in accordance with a preferred 

20 embodiment of the present invention. Figure 80A is a cross-sectional view 4250 
illustrating the results of a blanket film deposition process. The undercladding 
deposition 4252 in a preferred embodiment includes a 15 um thermal oxide, 
followed by guide deposition 4254 of 4 um Ge (1%) LPCVD oxide, A topclad 
deposition 4256 of 2 um BPSG oxide then follows. The circuit is then subjected to 

25 an annealing process for stress reduction. The layers are deposited using methods 
employed in planar lightwave circuit fabrication. The bottom cladding uses thermal 
oxidation and high pressure oxidation at pressures of one atmosphere and greater 
than one atmosphere. And temperatures range between 900-1200° C for the process. 
The guide layer deposition uses plasma-enhanced CVD (pecvd) from silane and 

30 nitrous oxide at pressures of 20-500 mTorr and rf powers of 50-500 W for a 150 mm 
wafer. The temperatures range from 300-500° C. In order to control stress, power, 
pressure and silane to oxidant ratio can be adjusted. Low pressure CVD (LPCVD) at 
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pressures of lOmT to 10 Torr and temperatures of 350° C (low-temp oxide, LTO) to 
750° C are used. The guide layer is deposited with a Ge doping to control index of 
refraction, to le-4. -Alternately B and P (BPSG) may be used to control the index, 
for example, 4 wt% P in NSG (non-doped silicon glass) gives an index of 1 .5% 
5 greater than thermal oxide appropriate for use as a guide layer with approximate 
dimensions 4x4 m An overcoat is deposited with PECVD or LPCVD as 
described herein before and alternately, B, P or BP doping (BSG, PSG, BPSG) can 
be used. Because of the small size of these devices the extreme uniformity and 
index control required for conventional pic devices is not required* This makes it 
1 0 possible to use alternate material stacks. One preferred embodiment includes using a 
B/P doped gas which is a standard oxide composition which has better etch qualities 
than Ge glasses. Ge glasses etch differently due to the low volatility of GeClx and 
different microstructure. In contrast B/P etch products are volatile, for example, 
BF3. 

15 Figure SOB is a cross-sectional view 4270 illustrating the results of 

waveguide fabrication. The waveguide fabrication includes guide-mask deposition 
(if hardmask). The guide mask, for example, has a 4 urn linewidth, 1,0 urn 
minimum space, and CD measured on space, A guide-mask etch is used if a 
hardmask is used. An alignment mark implementation prior to guide-mask etch is 

20 also used. 

The mask can be either a hardmask, silicon, silicon nitride, metal for 
example, Cr, Ni, Ti, Ta, or photoresist. For the guide layer a preferred embodiment 
uses a photoresist to lower cost as fewer process steps are required. In order to 
facilitate the later fabrication of the waveguide with a planar surface, an alternate 
25 preferred embodiment uses a hardmask and uses the hardmask as a polish stop. In 
this embodiment, the mask can have a high selectivity for the etch process, be easily 
patterned, and have a high polish selectivity (low polish rate in an oxide polish 
process) to oxide. 

The process flow then includes the step of accounting for process variations. 
30 The materials typically used as guide mask include, photoresist: 4-6 um thick, SiNx: 
1-2 um thick; Cr: 0.2-1 um; wet etched; WSi: 1-2 um dry etched; Poly-Si; a-Si; Ni. 
An important requirement includes very low sidewall roughness along waveguide 
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length. A preferred embodiment includes in the process flow using guide hardmask 
as polishstop for chemical-mechanical polishing (CMP) to control the final thickness 
of the topclad. 

Figure 80C is a cross-sectional view 4300 illustrating the results of 
5 waveguide fabrication process. The guide etch preferably has a 4-6 urn etch depth, 
85-90 degree sidewall, and low sidewall roughness (lateral runout). The strip 
includes photoresist, and the hardmask remains as polish stop. The overcoat uses 
LPCVD or PECVD BPSG oxide and is index matched to thermal oxide. The 
process then includes an annealing process for reflow and stress reduction. 

1 0 * Figure SOD is a cross-sectional view 4320 illustrating the results of a 

sequential waveguide fabrication process flow. The process flow includes a step of 
planarization which includes 2-4 um surface topography, polish stop options, a final 
thickness controlled to 0.2 um and the guidemask being polishstopped. Further, the 
guidemask strip is exposed as a polish stop layer. In addition, the final planarization 

1 5 step includes controlling the final top cladding layer thickness to 0.2 um, and local 
flatness to < 0.1 um. 

The process flow then includes accounting for process variations. This flow 
utilizes the guide hardmask as a polish stop to control topclad thickness. This can be 
accomplished with several similar flows, which includes no polish stop layer 

20 wherein CMP is required to stop at 2 um +0.3/-0 topclad thickness. The 

disadvantage to this step is that the guide etch and overcoat non-uniformity lead to 
topclad non-uniformity. Further, the topclad layer is eliminated CMP wherein is 
stopped on top of the guide layer. Additional topclad deposition may be required. 
The disadvantage of this step is that the guide layer surface is subject to polishing. 

25 In addition, a polish stop above overcoat is implemented. A disadvantage of this 

step includes guide etch and overcoat non uniformity which may lead to topclad non- 
uniformity. 

Figure 80E is a cross-sectional view 4340 illustrating the results of lattice 
fabrication in the process flow in accordance with a preferred embodiment of the 
30 present invention. The lattice fabrication includes the step of hardmask deposition 
with materials for example, Al, Si, SiNx, and current flow of 0.75 um for Al 
hardmask- The next step is lattice-mask definition which includes the use of stepper 
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lithography. A specification may be specified for dense line for space structures 
including 0,5 urn minimum CD, and for equal line/space. Line/space structures are 
used in preferred embodiments, for example. 

For a preferred embodiment for the hardmask, materials, for example, Al, Cr, 
5 SiNx, Si are preferred. Al can be easily patterned at fine feature sizes with CI 
chemistry (for example, CC14, C12, BC13, chlorofluoro carbons and derivatives). 
This can be done in parallel plate plasma reactors and in high density plasma 
systems with inductively coupled, helicon, helical resonator, and electron cyclotron 
resonance plasmas. These systems use a separate wafer bias applied to the wafer. 

10 An Al etch at <0.25 urn features is used. The preferred embodiment uses processes 
that are known in the art operating in parallel plate and high density plasmas at 
pressures of 1 -1 000 mTorr and powers of 50-5000 W and wafer biases of 50-750 V 
rf-induced dc bias. For Cr masks a C12-based chemistry can be used. This is used in 
fabrication of photomasks where either wet or dry etch is used. For the feature CD 

1 5 control required where a dry etch is preferred, where a passivating chemistry is used 
to control CD bias during etch and where a 100-500 run thick Cr is patterned. A 
similar set of process conditions can be used here,, in either a parallel plate or high 
density plasma reactor. 

The hardmask can be patterned with a photoresist mask. This mask can be 

20 exposed and developed using standard techniques. Preferred embodiments use 

either a contact, proximity mask aligner or a stepper or scanner lithography system. 
A photoresist thickness of 0.8-1 .0 um can be used. Antireflective coatings (either 
photodefinable or post-defined) can be used. Either a positive or negative resist can 
be used, but a positive is generally preferred. Alternately the mask can be defined by 

25 using a trimask technique, or other "image-enhanced" or siliated resist process flow, 
to give a thicker resist and eliminate the hardmask, A hardmask can also be used in 
the hardmask flow to pattern a thicker hardmask. One preferred embodiment uses a 
silicon oxide as a hardmask on Al to pattern Al in thicknesses > 1 um where it is 
difficult to control CD in thicker resist which might be required due to resist to Al 

30 selectivity. The preferred hardmask thickness is determined by the selectivity of the 
oxide etch process to the hardmask. For Si, a selectivity of 10-25:1 is typical. For 
Al and other metals a selectivity of > 40: 1 can be achieved. With the current set of 
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processes a Al mask thickness of > 0.75 tun is required. This mask thickness is 
sufficient to etch to a depth of 5-8 urn depending on whether the feature is a 
line/space feature or a hole feature. The etch typically exhibits an effect known as 
"rie lag" or "aspect ratio dependent etch (ARDE)" in which features with higher 
5 aspect ratios etch slower as the aspect ratio increases. Because of this effect the 

mask required to etch to a depth of 2x those listed herein above may be substantially 
greater than 2x the mask thickness (nominally 0.75 um) listed herein above 

Figure 80F is a cross-sectional view 4370 of the results of further lattice 
fabrication process flow steps. The steps include lattice-mask hardmask etch with 
10 current flow, Al dry etch including CCWAr RIE. Further , a step of lattice etch is 8- ■ 
1 0 um deep, and has 0*5 um line / space minimum feature for preferred 
embodiments. 

The process further includes the accountability of process variations. For 
example, Al mask requires a low bias etch (HDP) to avoid excessive Al sputtering 

15 and micromasking. This is incompatible with standard RIE. Further, Si or SiNx 
mask may be compatible with standard RIE and may offer better lateral 
runout/roughness. 

In a preferred embodiment, the oxide etch may be done by reactive ion 
etching in either parallel plate or high density plasma systems. Alternately an ion 

20 beam or reactive ion beam can be used. Neutral particle beams or ion cluster beams 
can also be used. A preferred embodiment includes a plasma etch process. The 
oxide etch process is used in microelecronics manufacturing. Carbon and fluorine 
containing gases are used. Examples, without limitation, of preferred gases include 
CF 4 , CHF 3 , C 2 F 4 ,e 2 F 6 , C 3 Fs,C4F 8 ,C 5 F 8 , in addition to dilutents such as Ar, N 2 , He, 

25 and polymer etching gases such as 0 2 , N 2 0, C0 2 , CO. In a parallel plate reactor, a 
process chemistry of 100 Ar, 20 C 4 F S> 50 CO, 10 0 2 is representative although many 
different permutations and combinations can be used. In a parallel plate reactor, the 
reactive species density is relatively low and it is generally not a preferred method 
for use with a metal mask where mask sputtering is a problem. For use with a metal 

30 mask, a high density plasma,where higher reactive density and a lower wafer bias 
can be used. In a high density plasma, gases which are more difficult to dissociate 
can be used. In addition much of the noble gas component can be removed leading 
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to less mask sputtering. Preferred process conditions include pressures of 1-100 
inTorr for a HDP etcher at source powers of 1-5 kW and a wafer bias of 1 00-750 V 
rf induced do bias. Preferred process conditions for a parallel plate system are 20- 
500 mT at a power of 2-10kW and a wafer bias of 200-750 V. Magnetically 
5 enhanced (MERIE) configurations fall into this category. ChlorFluorocaxbons can 
also be used in other embodiments. 

Figure 80G is a cross-sectional view 4400 of the results of a lattice fill 
process in accordance with a preferred embodiment. The lattice fill process includes 
the step of mask strip and clean, and filling the trench via structures with Si, 

1 0 preferably or Ti0 2 using multiple routes. The requirements include being void-free, 
1% index uniformity, low stress, and stable to 300° C. 

Preferred embodiments include different lattice fill options. For example, 
deposition based on supercritical fluids which is capable of filling high aspect ratio 
structures with a variety of metals, metal oxides, and polymers can be used. 

1 5 Alternate approaches include, LPCVD-Si: undoped, high index at 1 .55 um 

telecommunication wavelengths, and mature commercial processes. Alternatively 
C VD-Ti plus thermal oxidation can be used Ti liner process exists, with thermal 
oxidation demonstrated at 500-700° C. In another preferred embodiment, ALD- 
Ti02, processed can be used. In a preferred embodiment, MOCVD can be used to 

20 deposit a Cu liner followed by post oxidation. The preferred process uses a standard 
Cu alkoxide such as Cu (hfac)at a sub atmosphere pressure and at temperature 
ranging from 1 50-350° C. Under these conditions a conformal lining can be 
deposited without a liner or seed layer directly on Si0 2 . Cu can be thermally 
oxidized to several different oxides, for example, CuO and Cu 2 0, among others. 

25 CuO is preferred in some embodiments. Under thermal oxidation or thermal 

annealing a metal silicide (Ti or Cu- Si) can be formed which can have the desirable 
effect of giving a graded index junction such as Si0 2 /SiTiOx/TiO 2 . This then has 
the effect of reducing dependence on interface roughness. TiSi is formed when 
TiSi0 2 is exposed to elevated temperatures (> 300° C). Under oxygen ambient, 

30 however, this silicide is reported to oxidize congruently (without formation of phase 
segregated layers). By controlling the anneal conditions and oxygen partial pressure 
between approximately 0 and 1 atmosphere this interface layer can be controlled. A 
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preferred method for post oxidation of Ti liner includes the conditions of 
temperature of > 500 C and a partial pressure of 0. 1-1 Atmosphere partial pressure 
0 2 . Alternately H2O or steam oxidation can be used. For CFD, the preferred 
process conditions are 2,000-10,000 psi in a C0 2 ambient at a temperature of 100- 
5 500°C. Various precursors can be used, many of which are well known from 

MOCVD. In general however, less reactive precursors are desired to minimize gas 
phase reactions which lead to particulate formation. 

Figure 80H illustrates a cross-sectional view 4420 of the results of a lattice 
fabrication process flow including lattice fill etch back in which the surface is 

10 planarized, followed by an isotropic etch, and wet or dry etch. The planarization is 
performed by etching back the fill material with an isotropic etch. This can be either 
a wet or dry etch with low enough etch rate to allow the etch to stop just below the 
surface of the oxide. The etch must be selective to oxide. Endpoint methods based 
on the change in area between the blanket film and the fill area can also be 

1 5 performed. 

Figure 801 illustrates a cross-sectional view 4440 of the results of heater 
fabrication process flow in a preferred embodiment wherein thin film resistor metal 
deposition, has occurred using, for example, NiCr, TaN x , a 50 ohm resistor target for 
example and low TCR. The Resistor define is > 1 um CD and includes a resistor 

20 etch or lift-off. 

Figure 80J is a cross-sectional view 4460 of the results of a thermal isolation 
process flow in a preferred embodiment including, isolation define, and isolation 
etch, (15-20 um deep, non-critical etch). The process flow can included the 
additional steps of dicing, fiber pigtailing, and packaging. 

25 Figure 81 is a top level flow chart 4500 of a method for fabricating a 

photonic crystal device in accordance with the Figures 80A-80J of the present 
invention. The preferred embodiments for each step are detailed with respect to the 
Figures 80A-80J. The top level process includes the step 4502 of blanket film 
deposition, the step 4504 of waveguide fabrication, followed by a step 4506 of 

30 accounting for process variations. The process then includes the step 4508 of lattice 
fabrication followed by step 4510 of accounting for process variations in the lattice 
fabrication process. Lattice fill process per step 4512 then follows with additional 
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lattice fabrication steps per step 4514 such as, for example, etching back the lattice 
fill. The process 4500 then includes fabrication of a heater per step 4516 and 
thermal isolation per step 4518. The process 4500 can include optional steps of 
dicing, fiber pigtailing and packaging without limitation. 
5 The claims should not be read as limited to the described order or elements 

unless stated to that effect. Therefore, all embodiments that come within the scope 
and spirit of the following claims and equivalents thereto 1 are claimed as the 
invention, 
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CLAIMS 

What is claimed is: 

L A photonic crystal structure, comprising: 

a substrate having a surface characteristic; and 
5 at least a first material over the surface characteristic and covering the 

surface. 



2. The photonic crystal structure of Claim 1 wherein the first material is 
disposed using supercritical fluid deposition processes. 

10 

3. The photonic crystal structure of Claim 1 wherein the surface characteristic is 
a patterned substrate. 

4. The photonic crystal structure of Claim 1 wherein the first material 

15 comprises one of at least a metal, a semiconductor, a polymer, a monomer, a 

mixture of metals, a metal di-oxide, a metal sulphide, a metal nitride, a metal 
phosphide, a metal fluoride, a metal carbide, a metal chloride and metal 
alloys. 

20 5. The photonic crystal structure of Claim 3 wherein the patterned substrate has 
submicron features, 

6. The photonic crystal structure of Claim 5 wherein the features have an aspect 
ratio of between five and thirty. 

25 

7. The photonic crystal structure of Claim 1 wherein the substrate is one of a 
silicon wafer, a silicon wafer having at least one layer of silicon dioxide 
cladding. 

30 8, The photonic crystal structure of Claim 1 comprising a thin film filter, 

9. The photonic crystal structure of Claim 1 comprising an integrated circuit. 
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10. The photonic crystal structure of Claim 3 wherein the patterned substrate has 
features with dimensions less than or equal to a wavelength of interest for 
light. 

5 

1 1 . The photonic crystal structure of Claim 3 wherein the patterned substrate has 
features having a size of approximately 0.9 microns. 

1 2. An integrated waveguide device, comprising: 

10 a substrate having a first refractive index characteristic; 

a first material disposed over the substrate having a second refractive 
index characteristic, and forming a waveguide layer; and 

a second material disposed at least within the first material having a 
third refractive index characteristic wherein the second refractive index 
1 5 characteristic is greater than the first and third refractive index 

characteristics. 



13. The integrated waveguide device of Claim 12 further comprising a cladding 
layer disposed over the first material. 

20 

1 4. The integrated waveguide device of Claim 12 wherein the dimensions of the 
waveguide layer is between approximately 3 and 8 urn thick. 

15. The integrated waveguide device of Claim 12 wherein the second material is 
25 deposited in one of a plurality of at least holes, trenches, ribs, posts and 

cylinders, and at least encapsulates a plurality of features. 

1 6. The integrated waveguide device of Claim 1 5 wherein the aspect ratio of the 
plurality of holes, trenches, ribs, posts and cylinders is between 

3 0 approximately five and thirty. 
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1 7. The integrated waveguide device of Claim 13 wherein the cladding layer has 
a fourth refractive index characteristic that is lower than the second refractive 
index characteristic. 

5 1 8. The integrated waveguide device of Claim 12 wherein the first material has 
at least one patterned array of submicron features such that the second 
. material is deposited therein, 

19. A photonic crystal filter, comprising: 

10 an input waveguide which carries a signal having at least one 

frequency including at least one desired frequency; 
an output waveguide; and 

a photonic crystal resonator system coupled between said input and 
output waveguides operable for the adjustable transfer of said at least one 
1 5 desired frequency to said output waveguide. 

20. The photonic crystal filter of Claim 1 9 wherein the filter is a fixed single- 
wavelength filter, 

2 1 . The photonic crystal filter of Claim 1 9 wherein the filter is tunable for at 
least one of wavelength and polarization. 

20 22. The photonic crystal filter of Claim 1 9 wherein the photonic crystal resonator 
system is a multi-cavity Fabry-Perot resonator* 

23. The photonic crystal filter of Claim 19 wherein the photonic crystal resonator 
system is a single cavity Fabry-Perot resonator. 

24. The photonic crystal filter of Claim 1 9 wherein the photonic crystal resonator 
25 system comprises a first photonic crystal mirror and a second photonic 

crystal mirror, the second photonic crystal mirror being spaced from the first 
photonic crystal mirror to form a resonant cavity. 
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25. The photonic crystal filter of Claim 24 wherein the first and second photonic 
crystal mirrors include a two-dimensional structure. 

26. The photonic crystal filter of Claim 24 wherein the first and the second 
photonic crystal mirrors include a three-dimensional structure. 

5 27. The photonic crystal filter of Claim 1 9 wherein a change in a refractive index 
characteristic of the photonic crystal resonator system provides for tuning of 
the filter. 

28. The photonic crystal filter of Claim 27 wherein the refractive index can be 
controlled by using one of at least thermal-optics, electro-optics, magneto- 

1 0 optics and piezo-optics means . 

29. The photonic crystal filter of Claim 19 wherein said photonic crystal 
resonator system comprises a photonic crystal that is a three-dimensionally 
periodic dielectric structure. 

30. The photonic crystal filter of Claim 19 wherein said photonic crystal 

1 5 resonator system comprises a photonic crystal that is a two-dimensionally 

periodic dielectric structure, 

3 1 . The photonic crystal filter of Claim 19 wherein the photonic crystal resonator 
system comprises a one-dimensionally periodic photonic crystal. 

32. The photonic crystal filter of Claim 1 9 further comprising: 

20 a substrate having a first refractive index characteristic; 

a first material disposed over the substrate having a second refractive 
index characteristic, and forming a waveguide layer; and 

a second material disposed at least within the first material having a 
third refractive index characteristic wherein the second refractive index 
25 characteristic is greater than the first and third refractive index 

characteristics. 



BNSDOCID: <WO 03058307A3_IA> 



WO 2003/058307 PCT/US200 2/041 592 

-78- 

33 . The photonic crystal filter of Claim 32 further comprising a cladding layer 
disposed over the first material. 

34. The photonic crystal filter of Claim 32 wherein the dimensions of the 
5 waveguide layer is between approximately 3 and 8 um thick. 

35. The photonic crystal filter of Claim 32 wherein the second material is 
deposited in one of a plurality of at least holes, trenches, ribs, posts and 
cylinders, and at least encapsulates a plurality of features. 

10 

36. The photonic crystal filter of Claim 35 wherein the aspect ratio of the 
plurality of holes, trenches, rib, posts or cylinders is between approximately 
five and thirty. 

1 5 37. The photonic crystal filter of Claim 33 wherein the cladding layer has a 

fourth refractive index characteristic that is lower than the second refractive 
index characteristic. 

38. The photonic crystal filter of Claim 32 wherein the first material has at least 
20 one patterned array of submicron features such that the second material is 

deposited therein. 

39. A photonic crystal wavelength router, comprising: 

at least a first input waveguide; 
25 at least a first output waveguide; 

a chromatic dispersion compensator; 

at least one wavelength division multiplex filter; and 

at least one photonic crystal reflector. 

40. The photonic crystal wavelength router of Claim 39 further comprising a 
30 power tap disposed therein. 
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41 . The photonic crystal wavelength router of Claim 39 wherein the router 
comprises a material with tunable dielectric or absorbing properties. 

42. The photonic crystal wavelength router of Claim 39 comprises one of at least 
a one-dimensionally periodic photonic crystal, a two-dimensionally periodic 

5 photonic crystal and a three-diinensionally periodic photonic crystal, 

43. The photonic crystal wavelength router of Claim 39 further comprising: 

a substrate having a first refractive index characteristic; 

a first material disposed over the substrate having a second refractive 
1 0 index characteristic, and forming a waveguide layer; and 

a second material disposed at least within the first material having a 
third refractive index characteristic wherein the second refractive index 
characteristic is greater than the first and third refractive index 
characteristics. 

15 

44. The photonic crystal wavelength router of Claim 39 further comprising a 
cladding layer disposed over the first material. 

45. The photonic crystal wavelength router of Claim 39 wherein the dimensions 
20 of the waveguide layer is between approximately 3 and 8 um thick. 

46. The photonic crystal wavelength router of Claim 39 wherein the second 
material is deposited in one of a plurality of at least holes, trenches, ribs, 
posts, cylinders, and at least encapsulates a plurality of features. 

25 

47. The photonic crystal wavelength router of Claim 46 wherein the aspect ratio 
of the plurality of holes, trenches, rib, posts or cylinders is between 
approximately five and thirty. 
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48, The photonic crystal wavelength router of Claim 44 wherein the cladding 

layer has a fourth refractive index characteristic that is lower than the second 
refractive index characteristic. 

5 49. The photonic crystal wavelength router of Claim 3 9 wherein the first material 
has at least one patterned array of submicron features such that the second 
material is deposited therein. 

50. A photonic crystal optical add/drop multiplexer, comprising: 
an input waveguide; 
10 at least a first output waveguide; 

an optical performance monitor coupled between the input waveguide 
and the at least first output waveguide; 

a photonic crystal wavelength router; and 
a dispersion compensation module. 

15 51 . The photonic crystal optical add/drop multiplexer of Claim 50 further 
comprising: 

a substrate having a first refractive index characteristic; 

a first material disposed over the substrate having a second refractive 
index characteristic, and forming a waveguide layer; and 
20 a second material disposed at least within the first material having a 

third refractive index characteristic wherein the second refractive index 
characteristic is greater than the first and third refractive index 
characteristics. 

25 52, The photonic crystal optical add/drop multiplexer of Claim 50 further 
comprising a cladding layer disposed over the first material. 

53 , The photonic crystal optical add/drop multiplexer of Claim 50 wherein the 
dimensions of the waveguide layer is between approximately 3 and 8 urn 
30 thick. 
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The photonic crystal optical add/drop multiplexer of Claim 50 wherein the 
second material is deposited in one of a plurality of at least holes, trenches, 
ribs, posts and cylinders, and at least encapsulates a plurality of features. 

The photonic crystal optical add/drop multiplexer of Claim 54 wherein the 
aspect ratio of the plurality of holes, trenches, rib, posts or cylinders is 
between approximately five and thirty. 

The photonic crystal optical add/drop multiplexer of Claim 52 wherein the 
cladding layer has a fourth refractive index characteristic that is lower than 
the second refractive index characteristic. 

The photonic crystal optical add/drop multiplexer of Claim 50 wherein the 
first material has at least one patterned array of submicron features such that 
the second material is deposited therein. 

A photonic crystal dynamic optical add/drop multiplexer comprising: 
a plurality of input waveguides; 
a plurality of output waveguides; 

a plurality of photonic crystal resonator systems disposed between the 
plurality of input waveguides and plurality of output waveguides; and 

a photonic crystal reflector coupled to the plurality of photonic crystal 
resonator systems. 

The photonic crystal dynamic add/drop multiplexer of Claim 58 further 
comprising: 

a substrate having a first refractive index characteristic; 

a first material disposed over the substrate having a second refractive 
index characteristic, and forming a waveguide layer; and 

a second material disposed at least within the first material having a 
third refractive index characteristic wherein the second refractive index 
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characteristic is greater than the first and third refractive index 
characteristics. 

60. The photonic crystal dynamic add/drop multiplexer of Claim 58 further 
5 comprising a cladding layer disposed over the first material. 

61 . The photonic crystal dynamic add/drop multiplexer of Claim 58 wherein the 
dimensions of the waveguide layer is between approximately 3 and 8 urn 
thick. 

10 

62. The photonic crystal dynamic add/drop multiplexer of Claim 5 8 wherein the 
second material is deposited in one of a plurality of at least holes, trenches, 
ribs, posts and cylinders, and at least encapsulates a plurality of features. 

15 63 . The photonic crystal dynamic add/drop multiplexer of Claim 62 wherein the 
aspect ratio of the plurality of holes, trenches, ribs, posts and cylinders is 
between approximately five and thirty. 

64. The photonic crystal dynamic add/drop multiplexer of Claim 60 wherein the 
20 cladding layer has a fourth refractive index characteristic that is lower than 

the second refractive index characteristic. 

65. The photonic crystal dynamic add/drop multiplexer of Claim 58 wherein the 
first material has at least one patterned array of submicron features such that 

25 the second material is deposited therein. 

66. A method of producing an integrated photonic circuit device, comprising: 

providing a substrate having a surface characteristic and a first 
refractive index characteristic; 
30 disposing at least a first material with a second refractive index 

characteristic over the surface characteristic, wherein the second refractive 
index characteristic is higher than the first 
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67. The method of producing an integrated photonic circuit device of Claim 66 
further comprising: 

etching the surface characteristic of the substrate to form a plurality 
of cavities having an aspect ratio characteristic; and 
5 depositing a second material having a third refractive index 

characteristic in the plurality of cavities, the second refractive index 
characteristic being higher than the first and the third refractive index 
characteristic. 

68. The method of producing an integrated photonic circuit device of Claim 67 
1 0 wherein the aspect ratio characteristic is between approximately five and 

thirty. 

69. The method of producing an integrated photonic circuit device of Claim 66 
further comprising disposing a cladding layer over the first material. 

15 70. The method of Claim 66 wherein the first material comprises an amorphous 
silicon material doped with index increasing dopants. 

7 1 . The method of Claim 70 further comprising oxidizing the first material. 

20 72. A periodic three dimensional photonic crystal structure comprising: 
a substrate having a surface characteristic; 

at least one thin film deposited over the surface characteristic to result 
in a multi-layer photonic crystal, the multi-layer photonic crystal being 
adapted to have an induced variation in an index of refraction characteristic 
25 and wherein a plurality of the multi-layer photonic crystals are placed in a 

stack configuration and a material is deposited into interstitial gaps formed in 
the stack configuration using supercritical fluid deposition processes. 

73. The periodic three-dimensional photonic crystal structure of Claim 72 
wherein the substrate is spherical in shape. 
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74. An optical waveguide structure, comprising; 

a first waveguide; 

a second waveguide that intersects with said first waveguide; and 
at least one photonic crystal resonator at the intersection of said first 
5 and second waveguides to minimize cross talk between signals of said first 

and second waveguides. 

75. A method of fabricating an integrated photonic circuit device, comprising: 

providing a substrate having a surface characteristic and a first 
1 0 refractive index characteristic; 

depositing a film over the substrate; . 

fabricating a waveguide structure having a second refractive index 
characteristic; 

fabricating a lattice structure; and 

1 5 providing a lattice fill having a third refractive index characteristic. 

76. The method of Claim 75 wherein the second refractive index characteristic is 
higher than the first and the third refractive index characteristic. 

20 77. The method of Claim 75 wherein the film comprises an undercladding 
including a thermal oxide. 

78. The method of Claim 75 wherein the waveguide structure is deposited using 
a plasma enhanced chemical vapor deposition process. 



25 



30 



79. The method of Claim 78 wherein the step of fabricating a waveguide 
structure further comprises guide mask deposition. 

80. The method of Claim 75 wherein the step of providing a lattice fill comprises 
deposition using supercritical fluids to fill aspect ratio structures in the range 
of between five and thirty. 
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GAS-FILLED OPTICAL FIBER FOR WAVELENGTH 
CALIBRATION OR MEASUREMENT 

BACKGROUND OF THE INVENTION 

The present invention relates to wavelength calibration. 

5 Currently, reference signals for wavelength calibration of instruments and 
systems used, e.g. in telecommunications, are obtained from optical absorption 
or emission lines of electronic or vibrational states of molecules, such as 
acetylene, HCN, or C0 2 , which are contained in conventional glass cells. 
Details are disclosed e.g. in US-B-6,249,343, US-A-5,450,193, US-A- 
10 5,521,703, or in http://www,boulder.nistgov/div815/srms.htm . 

SUMMARY OF THE INVENTION 

Jt is an object of the invention to provide an improved wavelength calibration. 
The object is solved by the independent claims. Preferred embodiments are 
shown by the dependent claims. 

15 According to the present invention, an optical fiber is applied as a gas cell for 
wavelength calibration purposes. The optical fiber preferably comprises a hole 
or an arrangement of holes in or along the fiber, in which a sufficient part of the 
optical mode field distribution is localized. The hole or the arrangement of holes 
is filled with the gas for providing absorption lines for the wavelength 

20 calibration. 

Mode-guiding in the fiber can be achieved preferably in two ways: 

• An arrangement of holes acts as an effective medium with lower refractive 
index than other regions of the fiber, e.g., the solid glass core of the fiber. 
In this case, the mode is usually guided in the glass of the fiber core, and 
25 only a small portion of the field distribution is localized in the holes. 

However, an arrangement of regions (or "shells") with different hole 

-1 - 
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densities can also be applied which mimics a profile of the effective index 
of refraction analogous to that in a conventional optical fiber. In this case, 
the fraction of the mode density localized in the holes will be larger. 

• An arrangement of holes acts as a photonic crystal which has very high 
5 reflectivity for modes guided in the region surrounded by the photonic 
crystal region. This region can be a very large diameter "hollow core" which 
then guides most of the mode intensity. 

According to the invention, the holes in such fiber are filled with a defined gas 
or gas compound used as wavelength reference standard. The use of such 
10 fiber gas cells thus allows to enormously increase the interaction length of the 
light with the gas molecules compared to only a few cm in conventional gas 
cells. Therefore gases with rather low absorption, such as C0 2 , can be used. 
This is especially useful in the telecommunications l_ band. 

Further, the inventive fiber gas cells can be provided more compact, more 
15 flexible and better suited to fiber-optic instruments than the bulky cuvette-type 
conventional cells used today. Problems of pig-tailing and free-space 
connections across free path lengths of several cm can be significantly 
reduced. 

Additionally, the volume of toxic gases, e.g. HCN, required for some 
20 applications can be significantly smaller. This has benefits for manufacturers, 
operators, and environment. Finally, fiber gas cells can be provided cheaper 
than conventional ones. Only a few meters of fiber are needed at most. 

In a preferred embodiment for making the inventive fiber gas cells, air-filled 
hollow cores of "normal" photonic crystal fibers are filled with a desired gas or 
25 gas mixture. This can be achieved e.g. by pumping on one side and attaching 
a gas reservoir on the other side of the fiber. End pieces consisting of flat glass, 
microlenses as well as other optical, source or detection elements could be 
attached, for example by gluing or arc welding methods. 
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Alternatively, small pieces of frozen gas crystals or small amounts of liquid gas 
can be inserted in the evacuated fiber that is then sealed. The fiber fills with 
gas as the crystals or the liquid evaporate. 

Since gas filling of holes with small diameters might suffer from the large 
5 resistance of the very narrow channels, the whole fiber growth process is 
preferably performed in another embodiment in an environment (e.g. under 
pressure) of the desired gas or gas mixture. 

In a preferred embodiment, the optical fiber is provided in accordance with a 
hol/ow-core fiber as disclosed by J. C. Knight et al M Optics Letters 21, 1547 
10 {1996) T a "holey" fiber as disclosed by M. Ibanescu et al M Science 289, 415 
(2000), or a photonic crystal fiber as disclosed by J. Broeng et al., Danish Opt. 
Soc, News, p. 22, June 2000 or J. Broeng et at., J. Opt. A: Pure AppK Opt 1, 
477 (1999) or J, Broeng et aL. Science 285, 1537 (1999). 

Other applicable fiber structures are disclosed e.g. in WO-A-0022466, WO-A-* 
15 9964903, WO-A-9964904, US-B~6,301,420 ( WO-A-01 42831 , WO-A-0065386, 
orWO-A-0016141. 

For providing a wavelength reference measurement, the inventive fiber filled 
with gas having known absorption wavelengths is preferably coupled to a 
wavelength source providing the stimulus for the gas-filled fiber. A wavelength 

20 response signal of the gas-filled fiber in response to the applied stimulus is 
detected and analyzed. Comparing the detected wavelength response signal 
with the known absorption wavelengths then allows calibrating the provided 
wavelength analysis using the known absorption wavelengths. Calibration 
schemes and setups as disclosed e.g. in the aforementioned US-B-6,249,343, 

25 US-A-5,450,193, US-A-5,52 1,703, or in 

http://www»boulder, nist.gov/div815/srms. htm , as well as other known 
wavelength measurement, control and calibration techniques, can be applied 
accordingly. 
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Further preferred embodiments are: 

• The individual holes of the fiber gas cell are not all uniformly filled with the 
same gas used for wavelength calibration. Other possibilities include: (1) 
Some of the holes are filled with the reference gas and some holes are 

5 under vacuum f empty"); (2) some of the holes are filled with the reference 
gas and others are filled with another gas, e.g, air The gas cell, however, 
should be provided in a way that interaction of the light with the reference 
gas is strong enough to allow for wavelength measurement. 

Different holes of the fiber gas cell are filled with different reference gases, 
e.g., C 2 H 2 and C0 2 in one and the same fiber. This allows the simultaneous 
measurement of reference wavelengths in different spectral regions, 
according to the gases used, in a single fiber gas cell. 

At feast two fiber gas cells having a certain length and being filled with 
different reference gases, e.g., C 2 H 2 and C0 2l are spliced together, thereby 
forming a new fiber gas cell having a greater length. This arrangement 
allows the simultaneous measurement of reference wavelengths in different 
spectral regions, according to the gases used, in a single fiber gas cell. 

• A fiber gas cell having at least one end piece consisting of a lens or another 
means to improve the coupling of this fiber gas cell to other fiber-optical 

20 components and systems. The at least one end is mechanically coupled or 
fusion spliced to the fiber gas cell. 

• Fiber gas cell in combination with an optical system, such as but not limited 
to a source or receiver of optical power, to perform wavelength reference 
measurements, 

25 • An integrated system of fiber gas cell with light source and/or detector 
mounted directly onto the fiber ends for easy incoupling and/or detection of 
optical power. 
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• Fiber gas eel! using the broadband light from the spontaneous emission 
(SSE) of a laser as input illumination. Such a unit may, e.g., replace the 
combination of light-emitting diode (LED) and conventional gas cell used for 
- wavelength calibration of an optical spectrum analyzer (OSA), since the 
5 SSE could be obtained from a tunable laser that is oftentimes used together 
with an OSA. In an OSA using heterodyne technology, the SSE could also 
be obtained from a built-in laser source. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and many of the attendant advantages of the present invention 
10 will be readily appreciated and become better understood by reference to the 
following detailed description when considering in connection with the 
accompanied drawings. Features that are substantially or functionally equal or 
similar will be referred to with the same reference sign(s). 

Fig. 1 shows a setup for providing a wavelength reference measurement 
15 according to the present invention. 

Fig. 2 illustrates, in cross sectional view, in principle an embodiment of the 
fiber 10 according to the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

In Fig. 1, a fiber 10 filled with a gas having known absorption wavelengths is 
20 coupled to a wavelength source 20 providing a stimulus signal for the gas-filled 
fiber 10, A wavelength response signal of the gas-filled fiber 1 0 in response to 
the applied stimulus is detected by a detector 30 and analyzed by an analyzing 
unit 40. The analyzing unit 40 compares the detected wavelength response 
signal with the expected absorption wavelengths known for the gas in the fiber 
25 1 0. Differences between actually measured absorption wavelengths and the 
expected absorption wavelengths then allow calibrating the provided 
wavelength analysis of the analyzing unit 40. 
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Fig. 2 illustrates in principle, in cross-sectional view, an applicable embodiment 
of the fiber 10, as known from: J. Broeng et ah, Danish Opt. Soc. News, p. 22, 
June 22. The regular pattern of circles 100 denotes holes filled with gas. The 
large cross-sectional area 1 10 in the center of the figure, having exemplary 
5 hexagonal symmetry, represents the hollow core of the fiber 10 and is also 
filled with gas* The almost circular gray-scale image denotes the field 
distribution of the fundamental guided mode of the fiber that occurs mainly in 
the gas-filled region. 
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CLAIMS: 

1 . An optical fiber (10) containing a gas providing at least one absorption line 
for providing a wavelength calibration or measurement. 

2. The optical fiber (1 0) of claim 1 , wherein the gas is provided in a way that 
5 a sufficient part of an optical mode field distribution in the fiber (10) is 

localized within the gas, 

3- The optical fiber (10) of claim 1 or 2, wherein the gas is provided in a hole 
or an arrangement of holes in or along the fiber (10), in which a sufficient 
part of the optical mode field distribution is localized. 

10 4. The optical fiber (1 0) according to claim 1 or any one of the above claims, 
wherein an arrangement of holes in the fiber (10) acts as an effective 
medium with lower refractive index than other regions of the fiber (10). 

5. The optical fiber (1 0) according to claim 1 or any one of the above claims, 
wherein an arrangement of regions or shells with different hole densities 

15 provides a profile of the effective index of refraction analogous to that in 

a conventional optical fiber. 

6. The optical fiber (10) according to claim 1 or any one of the above claims, 
wherein an arrangement of holes acts as a photonic crystal which has 
high reflectivity for modes guided in the region surrounded by the 

20 photonic crystal region. 

7. The optical fiber (10) according to claim 1 or any one of the above claims, 
wherein some holes in the fiber are filled with the reference gas and some 
holes are substantially under vacuum or filled with a different gas. 

8. The optical fiber (10) according to claim 1 or any one of the above claims, 
25 wherein different holes of the fiber are filled with different reference 

gases. 
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9. The optical fiber (10) according to claim 1 or any one of the above claims, 
further comprising at least one end piece, preferably a lens, for better 
coupling to other fiber-optical components or systems. 

10. A gas cell for wavelength calibration or measurement comprising an 
5 optical fiber (10) according to claim 1 or any one of the above claims. 

11. A gas cell for wavelength calibration or measurement comprising a 
plurality of optical fibers (10) according to claim 1 or any one of the above 
claims f each having a certain length and being filled with a respective 
reference gas t wherein the plurality of optical fibers (10) are spliced or 

1 0 otherwise coupled together. 

12. An optical system for perform a wavelength reference measurement, 
comprising: 

an optical fiber (10) or a gas cell according to claim 1 or any one of the 
above claims, adapted for receiving an optical stimulus signal (20), 

15 a receiver (30) adapted for receiving a response signal of the optical fiber 

(10) to on the applied optical stimulus signal (20), and 

a processing unit (40) adapted for determining in the response signa! one 
or more wavelengths absorbed by the optical fiber (10) or the gas cell. 

13. The optical system of claim 12, wherein the processing unit (40) is 
20 adapted to comparing the one or more determined absorption 

wavelengths with known one or more absorption wavelengths for 
providing a wavelength calibration. 

14. A method for making an optical fiber (10) or a gas cell according to claim 
1 or any one of the above claims, comprising the step of: 

25 filling at least one hole or air-filled hollow core of a photonic crystal fiber 

with a desired gas or gas mixture. 
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1 5. The method of claim 14, further comprising the steps of: 
pumping on one side of the fiber, and 

attaching a gas or liquid gas reservoir on the other side of the fiber. 

16. The method of claim 14, further comprising the steps of: 

inserting pieces of frozen gas crystals or liquid gas in the evacuated fiber, 

and 

sealing the fiber. 

17. The method of claim 14 or any one of the claims 1 5-16 f being performed 
in an environment of the desired gas or gas mixture. 
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METHOD 



OF DRAWING MICROSTRUCTURED GLASS OPTICAL FIBRES FROM A PREFORM 



This invention relates to the field of photonic crystal 
fibres. 

Optical fibres are widely used in applications such as 
telecommunications. Standard optical fibres are typically made 
entirely from solid materials such as glass, with each fibre 
having the same cross -sectional structure along its length. 
Transparent material in one part (usually the middle) of the 
cross- section has a higher refractive index than material in 
the rest of the cross -section and forms an optical core. 
Light is guided in the optical core by total internal 
reflection from the material surrounding the core, which forms 
a cladding region. Most standard fibres are made from fused 
silica glass, incorporating a controlled concentration of 
dopant, and have a circular outer boundary typically of 
diameter 125 microns. Standard fibres can be single-mode or 
multimode . 

Different fibres may provide different functions in a 
system. For example, a length of fibre designed to provide 
dispersion compensation may be inserted between lengths of 
standard fibre. Similarly, a length of fibre may act as an 
optical amplifier or an optical coupler or a sensor or any of 
a wide range of other devices, 

A perennial problem in fibre optics is achieving smooth 
transitions from one fibre type to another - the "mode- 
matching" issue. The requirements of a successful transition 
are insignificant loss (preferably less than 0.1 dB) , no 
conversion between spatial or polarisation modes (unless 
required) , no back reflections and high tensile strength, 

A traditional solution is to heat the fibre to its 
softening temperature and draw it to a taper. The heat source 
can be a flame or a carbon dioxide laser beam. Mode field 
transformations can be achieved in which the mode area is 
reduced or expanded. A related process involves heating a 
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fibre without tapering it; that causes the core dopants to 
spread out into the cladding and thus enlarge the area of the 
guided mode. Disadvantages of this technique are that the 
fibre has to be stripped for processing and then recoated; 
this weakens it and is a lengthy and expensive process. 

In the past few years a new type of optical fibre has 
been demonstrated, called the photonic crystal fibre(PCF), 
holey fibre or micro structured fibre [J. C. Knight et al . , 
Optics Letters v. 21 p. 203]. Typically, a microstructured 
fibre is made from a single solid material such as fused 
silica glass, within which is embedded an array of holes. 
Those x holes' are usually air holes but may alternatively be, 
for example, regions of a solid material (e.g. silica doped 
with impurities to change its refractive index) . The holes 
run parallel to the fibre axis and extend the full length of 
the fibre. A region of solid material between holes, larger 
than neighbouring such regions, can act as a waveguiding fibre 
core. Light can be guided in this core in a manner analogous 
to total- internal -reflection guiding in standard optical 
fibres . 

One way to provide such an enlarged solid region in a 
microstructured fibre with an otherwise periodic array of 
holes is to omit one or more holes from the structure. 
However, the array of holes need not be periodic for total- 
internal -reflection guiding to take place (we may nevertheless 
refer to such a fibre as a photonic -crystal fibre) . 

Another mechanism for guiding light in microstructured 
fibres is based on photonic bandgap effects rather than total 
internal reflection. For example, light can be confined inside 
a hollow core (an enlarged air hole) by a suitably-designed 
array of smaller holes surrounding the core [R. F. Cregan et 
al., Science v. 285 p. 1537]. True guidance in a hollow core 
is not possible at all in standard optical fibres. 

Microstructured fibres can be fabricated by stacking 
glass elements (rods and tubes) on a macroscopic scale to form 
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them in place while fusing them together. This primary 
preform can then be drawn into a fibre, using the same type of 
fibre -drawing tower that is used to draw standard fibre from a 
standard- fibre preform. The primary preform can, for example, 
be formed from fused silica elements with a diameter of about 
0 . 8 mm. 

The microscopic air channels that run along the entire 
length of a photonic crystal fibre provide the refractive 
index profile required to guide light at a central defect, 
either by a modified form of total internal reflection or by 
photonic band gap effects. It is known in the prior art to 
alter the properties of those air holes to alter the 
properties of the fibre. 

Conceptually, the simplest method of controlling the size 
of an air hole in a PCF is, perhaps, to form a preform having 
a larger- scale approximation to the desired structure, for 
example by forming the preform from capillaries having 
different selected hole diameters. However, in practice, it 
is costly and relatively difficult to manufacture capillaries 
of different internal diameters and it is difficult to predict 
the behaviour of such structures during drawing. 

International Patent Application No. PCT/GBOO/00599 (The 
University of Bath) teaches that a region of a PCF may be 
heat-treated after the PCF has been drawn, in order to 
collapse holes in the heat-treated region. 

International Patent Application No. PCT/US99/18089 
(Corning Inc.) teaches that the axial properties of a PCF may 
be varied, for example by varying gas pressure in the preform 
during the draw. That variation may, in particular, be used 
to produce a fibre having a dispersion that alternates between 
positive and negative dispersion in alternate segments of the 
fibre, producing a net dispersion of zero over the length of 
the fibre. 

International Patent Application No. PCT/GBOO/00600 (The 
University of Bath) teaches a method of making controlled 
changes in the structure of a photonic crystal fibre whilst it 
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is being drawn. The Application describes producing the 
photonic crystal fibre by stacking an array of silica 
capillaries inside a silica tube, sealing the tube inside an 
evacuable cylinder, whilst leaving some or all of the 
capillaries protruding from the cylinder at each end, and then 
evacuating the inside of the tube whilst leaving the insides 
of some or all of the capillaries open to the atmosphere, so 
that they expand during drawing. In a particular example, the 
Application teaches producing a highly birefringent PCF by 
having four of the capillaries terminate within the cylinder, 

so that they do not expand during drawing, so that the drawn 

fibre has two- fold rotational symmetry. 

We have realised that the prior-art manufacturing methods 

provide only limited control over the structure of the drawn 

fibre. 

An object of the invention is to provide an improved 
method of manufacturing a PCF and hence to provide PCFs having 
improved functionality. 

According to the invention there is provided a method of 
manufacturing a microstructured fibre, comprising: 

(i) providing a preform comprising a plurality of 

elongate holes; 

(ii) mating at least one of the holes with a connector 
to connect the hole (s) to an external pressure -controller ; 

(iii) drawing the preform into the fibre whilst 
controlling gas pressure in the hole (s) connected to the 
pres sure - c ontro 1 1 e r . 

By the term "external pressure -cont roller' , we mean any 
suitable means for changing the internal pressure of the holes 
from atmospheric pressure to another selected value, 
including, for example, applying a static increased or 
decreased pressure by means of a piston, but not merely 
sealing the hole during drawing to create a pressure 
difference. 

Thus, during drawing of the fibre, the size of individual 
holes can be controlled by individually addressing each hole 
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in the preform and changing the pressure in that hole. If 
several holes are addressed simultaneously, then the structure 
which emerges in the actual fibre can be altered during the 
drawing process. Radical changes in fibre properties are 
possible. For example, different devices may be created 
during the draw along a single length of fibre, with adiabatic 
transitions provided between each link. Complex arrangements 
of devices may be produced from a preform comprising a uniform 
array of holes. 

Holes formed in different portions of the cross-section 
of the drawn fibre may be pressurised by different amounts. 
For example, the drawn fibre may comprise a cladding region 
surrounding a core region and holes forming an innermost ring 
of the cladding region, adjacent to the core region may be 
pressurised to different pressures from each other. 

In general, during drawing of the fibre, larger holes 
will tend to grow larger and smaller holes will tend to grow 
smaller. Pressurisation (including depressurisation) may be 
used to counteract those tendencies, for example in the 
innermost ring of the cladding region. 

Preferably, the preform comprises a plurality of elongate 
elements, arranged side by side in a bundle, a plurality of 
the elements being tubes, wherein each tube defines one of the 
holes in the preform. 

Alternatively, the preform comprises a matrix material 
that defines the holes. 

The external pressure-controller may increase the 
pressure in the hole above atmospheric pressure. 
Alternatively, the external pressure-controller may decrease 
the pressure in the hole below atmospheric pressure. The 
pressure in the hole may be kept constant throughout the 
drawing of the fibre. Alternatively, the pressure in the hole 
may be varied during the draw. Thus variations in the cross- 
sectional area of the hole may be provided along the length of 
the drawn fibre. The pressure may be pulsed periodically. 
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As discussed above, the pressure-controller may be any 
suitable device , which may apply a static or a varying 
pressure. The pressure-controller may be, for example, a 
rotary vane pump, a peristaltic pump or a cylinder piston 
pump . 

The hole with which the connector is mated may form a 
hole in a cladding region of the drawn fibre. The hole with 
which the connector is mated may form a hole in a core region 
of the drawn fibre; the core region of the drawn fibre may be 
a hole- The core region hole may be pressurised to a lower 
pressure than holes in the cladding region. 

Preferably, a plurality of the holes are connected to the 
external pressure-controller. 

The method may include pressurising further groups, each 
comprising at least one of the holes, to a second pressure or 
pressures, for example by connecting them to further external 
pressure-controllers. For example, preferably the method 
includes connecting at least one {preferably a plurality) of 
the holes to a second external pressure- controller and the 
method may include connecting at least one (preferably a 
plurality) of the holes to a third external pressure- 
controller. 

Preferably, the method includes the step of producing a 
plurality of devices arranged axially along the PCF by varying 
over time the pressure applied to the hole or holes. It may 
be that each of the plurality of devices is the same; the 
method thus provides a method of mass-producing large numbers 
of a particular device, spaced at intervals along a single 
fibre; after production, the devices may then be separated 
(e.g. by cleaving the fibre) . Alternatively, the plurality of 
devices may comprise a plurality of different devices; thus 
complex optical effects such as signal processing may be 
achieved in a single fibre. 

The method may include the step of varying over time the 
rate at which the fibre is drawn from the preform. 
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The method may include the step of varying over time the 
preform feed rate. The preform feed rate may even be negative 
for brief periods of time, such that the preform is being 
pulled in a direction opposite to the direction in which the 
fibre is being drawn. 

The method may include the step of varying over time the 
furnace temperature . 

Preferably, the pressurisation results in at least one 
elongate hole formed in the drawn fibre having a different 
transverse area in one part of the fibre from its transverse 
area in another part of the fibre. At least one hole may be 
collapsed completely over a length of the fibre. Such an 
arrangement may be used for example to create and destroy 
local cores over particular lengths of the fibre. Similarly, 
creating and destroying holes adjacent to a core region may be 
used to create lengths of fibre having an enlarged or reduced 
core. 

Preferably, the pressurisation results in at least one 
part of the dielectric matrix region having a different 
transverse area in one part of the fibre from its transverse 
area in another part of the fibre. 

The pressurisation may result, in a transverse cross- 
section of the drawn fibre, in a plurality of concentric 
regions, wherein alternate adjacent regions are of a higher 
and a lower effective refractive index respectively. 

The pressurisation may result in the drawn fibre being a 
W-profile fibre over at least part of its length. 

The pressurisation may result in the drawn fibre 
comprising a long period grating. 

The variation in pressurisation may result in a change in 
the symmetry of the fibre, such that a portion of the fibre is 
biref ringent . 

Preferably, two portions of the fibre are biref ringent , 
but their principal polarisation axes are rotated relative to 
each other by the variation in pressurisation. 
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Also according to the invention there is provided a 
photonic crystal fibre comprising a core region and a cladding 
region comprising a plurality of elongate holes, the fibre 
comprising a first region of its length in which the holes are 
arranged in a first pattern having at-most-two-f old rotational 
symmetry, such that the - fibre has in the first region a fast 
polarisation axis and a slow polarisation axis, and a second 
region of its length in which the holes are arranged in a 
second pattern having at -most -two- fold rotational symmetry, 
such that the fibre in the second region has a fast 
polarisation axis and a slow polarisation axis, the 
polarisation axes in the second region being rotated relative 
to the polarisation axes in the first region, the fibre 
further comprising a transition region, between the first 
region and the second region, in which the at least one of the 
hole changes in cross-sectional area so that the first pattern 
changes into the second pattern. 

Thus, a PGF with low birefringence may be turned 
adiabatically into a fibre with high birefringence. A twist- 
compensated PM fibre link (designed to have zero DGD) may be 
made by simply altering the distribution of pressure in the 
holes part -way through the draw so as to make the slow axis 
into a fast axis and vice-versa . 

Further portions of the fibre may be birefringent and 
have rotated polarisations. Any suitable photonic crystal 
structure may be used to provide birefringence; for example, 
the structure may be based on a square lattice. 

The variation in pressurisation may result in a change in 
core size in the drawn fibre, such that at least one of the 
devices comprises a fibre portion having a larger core region 
and at least one of the devices comprises a fibre portion 
having a smaller core region; thus, for example, a large core 
may be turned into a small core by increasing the pressure in 
surrounding holes and collapsing; a similar effect can be 
produced by altering the drawing tension. 
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Also according to the invention there is provided a 
photonic crystal fibre comprising a core region and a cladding 
region comprising a plurality of elongate holes, the fibre 
comprising a region of its length in which the holes adjacent 
to the core region are of a larger cross-sectional area, and 
the core region is of a smaller cross-sectional area, than in 
an adjacent length of the fibre, such that, in use, the fibre 
has an increased nonlinear response to propagating light in 
that region of the fibre. 

The variation in pressurisation may result in a change in 
core size, such that at least one of the devices is a 
nonlinear fibre portion, comprising a core region that is 
sufficiently small for significant nonlinear optical effects 
to occur in use. Thus, ultra-small core fibre may be produced 
in the centre of an otherwise medium-core fibre link - that 
may allow efficient nonlinear functions to be built seamlessly 
into a telecommunications system* Because there is no 
requirement to strip and recoat the fibre, it should have 
unimpaired tensile strength. 

The drawn fibre may comprise a plurality of core regions. 
Preferably, the variation results in the separation of at 
least two of the cores being reduced in a region of the fibre, 
such that at least one of the devices comprises an optical 
coupler comprising the reduced separation region. Preferably, 
the devices comprise two optical couplers that form a Mach- 
Zehnder interferometer. Thus, in-line Mach-Zehnder 
interferometers may be produced by a simple process of 
reducing the air hole size between two cores at two points 
along a dual -core length. 

Preferably, the devices comprise a network of switches 
and/or filters formed from the plurality of couplers. 

Also according to the invention there is provided a 
photonic crystal fibre comprising at least three core regions 
and a cladding region comprising a plurality of elongate 
holes, the fibre comprising at least one coupler between a 
first pair of the core regions and at least one coupler 
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between a second, different, pair of the core regions, each 
coupler comprising a region of the fibre in which the cross - 
sectional area of the holes between the coupled cores is 
smaller than in adjacent lengths of the fibre, such that the 
cores are brought closer together. 

Such an arrangement would have considerable advantages 
over taper post -processing, where it is very difficult (if not 
impossible) to heat-treat selected holes while keeping the 
rest unaffected- In-line fabrication allows couplers to be 
created between any group (of two or more) cores while leaving 
the others unaffected; further down the fibre couplers may be 
created between different cores. 

The fibre may comprise more than two cores. Preferably, 
the variation results in the separations of the cores being 
reduced over a plurality of portions of the fibre to form 
optical couplers between each of the more than two cores. 
Thus, still more complex networks of devices may be produced. 

Preferably, transition regions formed between each of the 
optical devices are sufficiently gradual to be adiabatic. 
Alternatively, the transition may be abrupt. Thus, in one 
draw, a fibre may be produced with many different properties 
at different positions along its length, all connected by 
seamless low-loss transitions. 

The condition of the draw may be oscillated between two 
states over time to form a transition region, the first state 
being matched to the mode of a first of the optical devices 
and the second state being matched to the mode of a second of 
the optical devices; for example, one state may be arranged to 
match a single-mode fibre and the other state may be arranged 
to match a speciality fibre such as a dispersion compensating 
fibre (DCF) , an amplifier or a highly nonlinear fibre. 

Also according to the invention there is provided a 
photonic crystal fibre comprising a core region and a cladding 
region comprising a plurality of elongate holes, the fibre 
comprising a first length in which the holes are arranged in a 
first transverse pattern providing a first function, a second 
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length in which the holes are arranged in a second transverse 
pattern providing a second function, and a transitional length 
along which at least one of the holes oscillates in cross- 
sectional area such that the holes oscillate between the first 
pattern and the second pattern, such that, in use, light is 
coupled in the transitional length between a mode guided in 
the first length and a mode guided in the second length. 

Similarly, the method may include the step of 
manufacturing twist-compensated DGD-free fibre by oscillating 
the structure to and fro periodically (the period being 
perhaps of a few metres) along the length of the drawn fibre. 
That would make the exact cutting of length - to achieve DGD- 
free operation - very easy since an integral number of periods 
is needed. The accuracy of the actual dispersion would then be 
within lOOxrfL/i percent of the required value. 

Similarly, at least one of the holes oscillates between a 
first value and a second value, such that the holes oscillate 
between a first pattern and a second pattern and thus 
substantially avoid an unwanted phase -matching condition. 

Also according to the invention there is provided a 
photonic crystal fibre comprising a core region and a cladding 
region comprising a plurality of elongate holes, the fibre 
comprising a length in which the cross-sectional area of at 
least one of the holes oscillates between a first value and a 
second value, such that the holes oscillate between a first 
pattern and a second pattern and thus substantially avoid an 
unwanted phase-matching condition. 

The method may include the step of producing a DCF with 
graded properties that match the dispersion curve in standard 
telecomms fibre over the telecommunications bands (dispersion, 
slope, curvature and slope of curvature etc.) . That may be 
achieved by choosing the functional shape along the length of 
the fibre appropriately. The dependence of dispersion curve on 
geometry may be calculated, and used to solve an integral 
equation for the desired link properties - the required length 
dependence is given by a function inside the integral. 
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Parameters of the draw may be controlled during 
manufacture to produce a desired structure by feedback from 
direct measurement of the drawn fibre {e.g. the diameter of a 
hole or a plurality of holes) . 

Preferably, the method includes the step of calibrating 
the relationship between parameters of the draw and parameters 
of the drawn fibre. 

Preferably , the method further comprises varying 
parameters of the draw according to the calibration results to 
produce a fibre having a selected structure. Thus, the 
relationship between draw parameters such as pressure, 
temperature and draw speed and fibre parameters such as hole 
size and pitch are preferably determined in prior calibration 
runs. Such calibration may be achieved, for example, by 
carrying out a large number of sample draws and measuring the 
results of varying, at any one time, one or more parameters of 
the draw. 

Preferably, the pressure applied to the or each hole is 
controlled by a digital signal; that is, the pressure may be 
applied in bursts or pulses of a fixed pressure, with more 
pulses being applied in a given time interval to apply, 
effectively, a higher pressure (of course, alternatively an 
analogue, continuously varying signal may be used) . 

Elements of the preform may be selected according to the 
structure desired in the drawn fibre. For example, all of the 
elements of the preform may be tubes, which may be arranged to 
provide a triangular lattice of holes in the drawn fibre. At 
least one of the elements of the preform may be a solid rod; 
use of such a rod allows for the manufacture of more complex 
microstructure by providing a larger region of solid 
dielectric material in the drawn fibre than is provided by a 
capillary. The preform may further comprise a larger tube 
that surrounds the bundle of tubes and forms a jacket region 
in the drawn fibre. 

The drawn microstructured fibre may be arranged to guide 
light in a core by photonic -band- gap guidance. Alternatively, 
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the drawn micro structured fibre may be arranged to guide light 
in a core by index- guidance; for example, the core may then be 
drawn from a solid rod in the preform. 

The holes of the preform may be connected to different 
pressures in any suitable way; examples of possible 
arrangements are set out below. 

A portion of the preform may be retained undrawn during 
the drawing of the fibre, and individual connections may be 
made directly, for example via a hose, from one or more 
external pressure-controllers to each hole or holes to be 
pressurised by that pressure-controller . 

Alternatively, a connector may be provided to connect the 
holes to the external pressure-controller . 

Also according to the invention there is provided a 
connector for connecting a preform, which is for a 
microstructured fibre and which comprises a plurality of 
holes, to a pressure source, the connector comprising a 
plurality of elements arranged to mate with one or more of the 
holes, each element being connectable to a pressure source* 

Preferably, different ones of the holes are connectable, 
individually or in groups, to different pressure sources. 

Preferably, the preform comprises a plurality of tubes 
and the elements are chambers in which one or more of the 
tubes terminate. Preferably, each chamber is in fluid 
communication with a passage that is' connectable to the 
pressure source. More preferably, the passage terminates in a 
valve . 

The chambers may be distributed in the connector in a 
plane substantially orthogonal to the direction in which the 
tubes are intended to pass through the apertures; thus, the 
chambers may be side-by-side in that plane. The chambers may 
be adjacent to the apertures. Preferably, the chambers are 
recesses in a side of the connector. The passages may pass 
from the chambers to the opposite side of the cap; 
alternatively, the passages may pass to another side of the 
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cap. Preferably, the recesses are arranged to be sealed around 
the ends of the tubes* 

The chambers may be distributed in the connector along 
the direction in which the tubes are intended to pass through 
the aperture; thus at least one of the tubes may pass through 
one or more chamber and terminate in a chamber arranged 
further from the aperture than the chamber (s) through which 
that tube passes. Such a connector is designed to receive 
preform tubes of two or more different lengths, such that the 
tubes of each length, or within different ranges of lengths, 
t erminate in a different chamber. 

Also according to the invention there is provided a 
method of manufacturing a microstructured fibre, comprising: 

(i) providing a preform comprising a plurality of 
elements arranged side-by-side in a bundle, a plurality of the 
elements being tubes; 

(ii) connecting at least one of the tubes to an external 
pressure-controller by attaching a connector to the tube; 

(iii) drawing the preform into the fibre whilst 
controlling gas pressure in the tube(s) connected to the 
external pressure controller. 

Also according to the invention there is provided a 
connector for connecting a preform, which is for a 
microstructured fibre and which comprises a plurality of 
tubes, to a pressure source, the connector comprising a 
plurality of apertures arranged to receive the ends of one or 
more of the tubes and a plurality of chambers in which one or 
more of the tubes passing through the apertures terminate, 
each chamber being connectable to a pressure source. 

Also according to the invention there is provided a 
method of manufacturing a microstructured optical waveguide, 
comprising: 

(i) providing a preform in which there are a plurality 
of holes running side-by- side through the preform; 
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(ii) coupling a pressure controller to one or more, but 
not all, of the holes for controlling the gas pressure in 
those holes; 

(iii) drawing the preform into an optical waveguide while 
controlling the gas pressure in the holes that are coupled to 
the pressure controller. 

A method, described above as being according to the 
invention, may thus further comprise the step of mating a 
connector with an end of the preform such that the elements of 
the connector mate with at least some of the holes, connecting 
the elements to one or more external pressure-controllers and 
pressuring the holes to one or more selected pressure during 
the draw. 

For example, the method may further comprise the step of 
placing a connector, such as is described above as being 
according to the invention, over the end of the preform such 
that the ends of at least some of the tubes pass through the 
apertures and into the chambers, connecting the chambers to 
one or more external pressure-controllers and pressuring the 
tubes to one or more selected pressure during the draw. 

Also according to the invention, there is provided a 
micros t rue tured fibre manufactured according to a method 
described above as being according to the invention* 

Embodiments of the invention will now be described, by 
way of example only, with reference to the drawings, of which: 

Pig. 1 is an example of a preform for use in a method 
according to the invention; 

Fig, 2 is a first arrangement for pressurising the 
preform of Fig. 1; 

Fig- 3 is a second arrangement for pressurising the 
preform of Fig. 1, shown (a) in vertical cross-section and (b) 
in plan from underneath; 

Fig. 4 is a third arrangement for pressurising the 
preform of Fig. 1; 
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Fig. 5 is a fibre according to the invention having 
polarisation axes that change adiabatically along the length 
of the fibre; 

Fig. 6 is a fibre according to the invention having a 
small, nonlinear core; 

Fig, 7 is a fibre according to the invention that 
includes a network of Mach-Zehnder interferometers between its 
cores; 

Fig. 8 is a fibre according to the invention in which 
propagating light is coupled between two states; 

Fig. 9 is an arrangement for pressurising a second 
example of a preform for use in a method according to the 
invention; 

Fig. 10 is a second arrangement for pressurising the 
preform of Fig. 9. 

Fig. 11 is a fibre according to the invention having a 
core that vanishes and reappears along the fibre's length. 

Fig. 12 is a fibre according to the invention having an 
index-guiding portion and a hoi low- core, photonic band-gap 
guiding portion. 

A typical preform 20 {Fig. 1) for a photonic crystal 
fibre, of a type well known in the prior art, comprises a 
bundle of thin tubes 30, arranged in a triangular lattice 
pattern and held together inside a large tube 5 . At the 
centre of the preform 20, a solid cane 15 is provided in place 
of a tube 30 in the lattice arrangement. A photonic crystal 
fibre 10 is drawn from the preform in the usual way. In the 
drawn fibre 10, tubes 30 form a cladding region comprising a 
plurality of elongate holes embedded in a silica matrix. Cane 
15 forms a solid, elongate core region within the fibre. 
Large tube 5 forms a jacket region that protects the fibre. 
In this example, light is guided in the core region by total 
internal reflection from the cladding region, which has a 
lower effective refractive index than the refractive index of 
the core region. 
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In a first method of individually pressurising holes in 
the preform 20 during drawing into fibre 10 (Fig. 2) , tubes 30 
are arranged to protrude from jacket tube 5 in preform 20. 
Hoses 4 0 are attached to selected ones of the protruding ends 
of tubes 30; hoses 40 are held in place by O-rings 50. Hoses 
40 are connected at their other ends to external pressure- 
controllers {not shown) . 

During drawing of fibre 10 from preform 20, the pressures 
inside tubes 30, and hence the holes into which they are 
drawn, are varied by varying the pressure produced by the 
external pressure-controllers in hoses 40. The pressure in 
hoses 4 0 is varied in time and also different pressures are 
applied at any one time to different ones of hoses 40. Thus 
the holes produced in the cladding region of the drawn fibre 
10 vary in their cross-sectional areas both along the fibre 
and from hole to hole in fibre transverse cross-sections* 

In an alternative method (Fig. 3), as an alternative to 
connecting hoses directly to preform 10, an intermediate 
connector 100 is used. 

Connector 100 is a flat disk into which have been cut a 
number of chambers in the form of recesses 110, 115, 120, 12 5. 
Recesses 110, 115, 120, 125 are arranged to mate with tubes 3 0 
by receiving the ends of tubes 3 0 where they protrude from the 
preform 20 • Recesses 110 are each arranged to receive the end 
of one of tubes 30. Recesses 115 are each arranged to receive 
the end of two of tubes 30* Recess 120 are each arranged to 
receive the ends of groups of seven of tubes 3 0 (or six plus 
cane 15) . Recess 125 are each arranged to receive the ends of 
groups of five of tubes 30. The tubes 3 0 are sealed in the 
recesses *110, 115, 120, 125 by means of a gasket. 

Passages 130 pass through connector 100 to valves 140. 
Prior to drawing, hoses 40 are attached to valves 140. The 
other ends of hoses 4 0 are attached to external pressure - 
controllers, as before. In this arrangement, the pressure 
produced by the controllers affects the pressure in tubes 30 
by changing the pressures in recesses 110, 115, 12 0, 125. 
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Thus, for example, all seven tubes in each recess 120 are 
pressurised to the same pressure, whereas the pressures in 
tubes in recesses 110 may be varied individually. 

An alternative form of connector is shown in Fig. 4. In 
this example, preform 20 is arranged so that different ones of 
tubes 30 protrude from preform 20 by different lengths. 
Intermediate connector 2 00 comprises three chambers 210, 220, 
230, arranged in a stack for mating with tubes 30. Each 
chamber has a valve 240 to which hoses 40 are connected. The 
other ends of hoses 40 are attached to external pressure - 
controllers, as before. 

Each chamber has a plurality of holes (not shown) in its 
base; each hole is either sealed or contains an 0-ring, 
through which one of tubes 30 passes. The tubes 30 are 
divisible into three length ranges. The shortest terminate in 
the bottom chamber 210 in the stack. The middle -length tubes 
pass completely through the bottom chamber 210 and terminate 
in middle chamber 220. The longest tubes pass through 
chambers 210, 220 and terminate in chamber 230. 

During drawing, each of chambers 210, 220, 230 is 
pressurised (or partially or completely evacuated) to a 
different pressure. The size of each hole produced in the 
final fibre depends on the pressure in the particular chamber 
in which the tube 30 that formed the hole terminates. 

The cross -sectional and axial shape and distribution of 
the holes in fibre 10 will depend on how the pressure in tubes 
30 differs from tube to tube and changes over time. In the 
steady state, the relationship between hole size and hole 
pressure is given by 

P=— , 
r 

where a is surface tension of the silica matrix material 
and r is the radius of the hole. 
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For any particular device to be provided in fibre 10, the 
sites of holes that are to be enlarged or reduced are 
identified and the corresponding pressures required in tubes 
30, to produce the required hole diameters, are calculated by 
computer according to the above relationship. The computer is 
programmed with the desired transverse hole diameters and 
their variation with time. The computer is arranged to 
control the pressures supplied by the external pressure- 
controllers, according to the relationship given above, to 
produce the desired hole shapes. A calibration run is carried 
out to confirm that the fibre material behaves as predicted 
during the draw and any necessary parametric adjustments made. 

Figs. 5 to 8 are examples of devices that can be produced 
by examples of the method of the invention. 

An example of a fibre produced by the method is photonic 
crystal fibre 3 00 (Fig. 5) , which exhibits substantially no 
differential group delay (DGD) . A fibre having that property 
is described in British Patent Application No. 02 00603.9 
(BlazePhotonics Limited) , replaced by International Patent 
Application No. PCT/GB2003/000060, which are hereby 
incorporated herein by reference. In that patent, DGD is 
avoided by providing a 90 degree twist, or a series of twists 
forming a rocking filter, halfway along a photonic crystal 
fibre, so that the polarisation mode of propagating light and 
the polarisation axes of the fibre are rotated relative to 
each other. Thus any DGD experienced by light propagating in 
the first half of the fibre is cancelled out by propagation 
through the second half of the fibre. 

In the fibre 3 00 of Fig. 5, the same effect is achieved, 
during the draw and without the need for twisting the fibre. 
The polarisation axes of fibre 300 are gradually swapped by 
changing the size of hole in the cladding region of the fibre 
300, by changing the pressurisation of the holes during the 
draw in accordance with the invention. The fibre 3 00 
comprises a cladding region- comprising a square array of holes 
33 0 formed in matrix material 310, and a solid silica core 
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region 330* In transverse plane A- A 1 (Fig. 5 (ii) ) , the square 
lattice pattern of holes 320 results in there being eight 
holes adjacent to the core 330. Of those eight, four holes 
3 60 at the corners of the square are the same size as holes 
320. Holes 340 on opposite sides of the core region 330 are 
enlarged relative to holes 320. The remaining two holes 350 
have a cross- sectional area that is reduced relative to holes 
320* The enlarged holes 340 are produced by applying a higher 
pressure during a first period of drawing to the ones of tubes 
3 0 from which they are formed; the reduced holes 350 are 
produced by applying a lower pressure to the corresponding 
ones of tubes 30. The fibre thus has a fast polarisation axis 
passing through enlarged holes 340 and a slow polarisation 
axis in a direction orthogonal to the fast axis. 

Once a desired length of fibre 3 00 has been drawn with 
the hole configuration of Fig. 5(ii), drawing is continued but 
the pressure in holes 340 is reduced and the pressure in holes 
350 is increased. Holes 340, 350 thus gradually change size 
until at plane B-B 1 (Fig. 5 (iii))at what will be the centre 
of the fibre 300, they are the same size as holes 320, such 
that the cladding region is a uniform lattice. The change in 
applied pressure is continued so that at plane C-C 1 , holes 340 
are the size at which holes 350 were in plane A-A 1 and vice 
versa. The rest of fibre 300 is drawn with fixed pressures, 
so that from plane C-C onwards, the fibre has a fast 
polarisation axis through holes 350 and a slow polarisation 
axis through holes 340. DGD experienced by light propagating 
in fibre 300 to plane B-B' is thus cancelled out by 
propagation onwards from plane B-B' in the half of the fibre 
in which the polarisation axes have been reversed. The 
distance from plane A-A 1 to B-B 1 and from B-B 1 to C-C is 
approximately 1 m, which is sufficiently long to provide a 
lossless (adiabatic) transition. 

Another example of a fibre produced by the method is 
photonic crystal fibre 400 (Fig 6.), which includes a small 
nonlinear core region 450, In transverse planes A-A 1 and C-C 1 
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(Fig. 6 (ii) , (iii)) the fibre has a uniform cross-section, 
comprising a core region 430 surrounded by a cladding region 
comprising holes 42 0 arranged on a triangular lattice pattern 
in matrix material 410. Core region 430 has a diameter of 
about 5 microns. During drawing of fibre 400, beyond plane A- 
A r , the pressure in the six holes 440, which are adjacent to 
the core region 430, is increased relative to the pressure in 
holes 42 0. Holes 44 0 expand relative to holes 420 (Fig, 
6 (iii)) and the expansion forces silica material out of the 
core region, forming a small core region 450 of diameter about 
2 microns. The holes 440 reach a maximum size at plane B-B 1 
and then the pressure is reduced again so that the core region 
returns at plane C-C to the size it had in plane A-A 1 . 

Large holes 440 concentrate light in small core region 
450 and nonlinear effects, such as self -phase modulation and 
self -focusing, result for sufficiently high light intensities. 

Another example of a fibre produced by the method is 
photonic crystal fibre 500 (Fig. 7), which comprises a pair of 
Mach-Zehnder interferometers formed between its cores by the 
method of the invention. The fibre comprises a cladding 
region formed from a triangular lattice of holes 502 embedded 
in a silica matrix 501 and nine core regions (including cores 
510, 520 and 53 0) arranged on a square lattice and formed 
where holes are missing in the triangular cladding lattice 
(the triangular lattice is shown only schematically in Fig. 
7) . One Mach-Zehnder interferometer comprises a pair 54 0, 542 
of couplers formed between cores 520 , 53 0 and the other 
comprises a pair 550, 552 of couplers formed between cores 
510, 520. A long-period grating 545 is formed on fibre 530 
between couplers 54 0, 542 and another long-period grating 555 
is formed on fibre 510 between couplers 550, 552. 

Each coupler 540, 542 is formed by reducing the pressure 
in the holes between cores 520 and 53 0 during the draw so that 
those holes are reduced in diameter and cores 520, 530 are 
brought closer together (Fig. 7 (iii)). Similarly, each 
coupler 550, 552 is formed by reducing the pressure in the 
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holes between cores 510 and 520 so that those holes are 
reduced in diameter and cores 510, 52 0 are brought closer 
together (Fig, 7 (iv) ) . 

Thus multiple waveguides are provided in fibre 500 in the 
form of the fibre cores and signals may readily be transferred 
between cores 510, 52 0, 530 via the Mach-Zehnder 
interferometers - 

It will readily be appreciated that other, more complex, 
networks of devices may be formed in fibre 500 by forming 
couplers between others of the nine core regions at different 
points along the fibre length. 

Another example of a fibre produced by the method is 
photonic crystal fibre 600 (Fig. 8), which comprises a length 
of highly biref ringent fibre and a length of nonlinear fibre 
and a region between those lengths in which light is coupled 
adiabatically between the two fibre types. 

Fig. 8 (ii) to (vii) are cross sections through fibre 600 
taken at 1 m intervals between transverse plane A-A' and 
transverse plane B-B'. Fibre 600 comprises a core region 630, 
surrounded by a cladding region comprising holes 62 0 embedded 
in silica matrix 610 (again, the cladding region structure is 
shown only schematically) . 

In Fig. 8 (ii) and (iii) , fibre 600 has a highly 
biref ringent structure, resulting from two enlarged holes 640, 
positioned adjacent to and on opposite sides of the core 
region 630, which are produced by providing increased pressure 
in the tubes 3 0 forming those holes during drawing from the 
preform. 

In Fig. 8 (vi) and (vii) , fibre 600 has a highly 
nonlinear structure resulting from a small core region 650 and 
six adjacent enlarged holes 660 (in a similar arrangement to 
the embodiment of Fig. 6 (iii) ) * 

In Fig. 8 (iv) , (v) and (vi) , the structure of fibre 600 
oscillates between the highly birefringent structure and the 
nonlinear structure. That oscillation is achieved by varying 
during the draw the pressure in the four holes adjacent to the 
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core region of the fibre that are not holes 640. The changes 
in hole size and core size along this transitional length of 
fibre are very gradual and light propagation is essentially 
loss-less. 

Light propagating in the fibre 600 is thus adiabatically 
coupled between a mode that propagates without loss in the 
highly birefringent length of the fibre and a (different- 
shaped) mode that propagates without loss in the highly 
nonlinear length of the fibre. As light passes along the 
oscillating structure, more and more light is coupled from the 
mode of the highly birefringent region to the mode of the 
highly nonlinear region. 

Of course, a photonic crystal fibre according to the 
invention may be drawn from an alternative form of preform, 
such as preform 750 shown in Figs- 9 and 10. Holes 760 in 
preform 750 are not defined by protruding tubes 3 0 but by a 
matrix material 770; thus preform 750 is a monolithic one- 
piece preform. It may be made, for example, by drilling holes 
760 into a block of glass. Alternatively, it may be made by 
using a sol -gel. 

Connector 700 (Fig. 9) is an example of a connector for 
connecting holes 760 to pressure sources. The connector, like 
connector 100, comprises valves 740, to which are connected 
hoses 40. The other ends of hoses 40 are attached to external 
pressure-controllers. However, passages 730 pass through 
connector 700 from valves 740 to plugs 710. Plugs 710 are 
arranged to mate with holes 760 by insertion therein. 

Connector 80*0 (Fig. 10) is a second example of a 
connector for connecting holes 760 to pressure sources. This 
connector similarly comprises valves 840 and passages 830, 
corresponding to valves 740 and passages 730 in connector 700. 
However, this connector does not have plugs 710 or recesses 
110, 115, 120; rather, passages 830 are mated to holes 760 by 
direct abutment, the join being sealed with an appropriate 
sealant (e.g. a sealant gel) and connector 800 and preform 750 
being held in place by any appropriate means (e.g. a clamp) . 
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As will be understood, the invention is particularly 
advantageous for providing transitions between lengths of 
fibre having different properties. For example, an embodiment 
of the invention is a mode filter; that is, a fibre comprising 
a first section that supports a smaller number of modes and a 
second section that supports a larger number of modes. A 
transition between the first and second sections (and back 
again, if desired) is readily provided by gradually changing 
the size of holes in the fibre cross-section. A relatively 
short section supporting a smaller number of modes in a fibre 
otherwise supporting a larger number of modes is sufficient to 
eliminate the extra, unwanted modes downstream of that 
section. A particularly important case is when the first 
section is a section supporting only a single mode. 

Another example of a transition provided according to the 
invention is a transition between core shapes. Thus, an 
embodiment of the invention is a fibre comprising a core 
having a first shape in a first section and a second shape in 
a second section. Again, a transition between the first and 
second sections (and back again, if desired) is readily 
provided by gradually changing the size of holes in the fibre 
cross-section. The gradual change in hole size results in an 
equal number of modes being guided in the first and second 
sections. An application of such a arrangement would be to 
provide a double-clad fibre in which light is coupled from 
diode bars into a pump waveguide. 

Another embodiment of the invention is in a fibre 
comprising a core region that vanishes or appears at a point 
along the fibre's length. Fibre 900 (Fig. 11) is such a 
fibre. In transverse cross-section, it comprises a cladding 
region comprising a plurality of holes 910 (only four are 
shown, for ease of illustration) arranged to provide a 
photonic band-gap at a desired propagation wavelength. Fibre 
900 is divided into five regions A, B, C, B' and A f . Regions 
A and A 1 are lengths of photonic -band -gap guiding 
microstructured fibres in which light of wavelength within the 
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band-gap is guided in a large air hole forming core 920. 
Region B includes a long-period grating, which couples desired 
components of light guided in core 920 in region A into a 
cladding mode of fibre 900. Undesired components of the 
propagating light remain in core 920. However, in region C 
fibre 900 does not include core 920, and so the undesired 
light is eliminated. The desired light is coupled from the 
cladding mode back into core 92 0 by a second long-period 
grating, in region B' . The desired components of the light 
then continue their propagation in core 92 0 in region A* . 
Region C does not include core 920 because the hole forming 
920 has been collapsed during drawing of the fibre. Abrupt 
transition regions 930 remain, in which core 920 decreases in 
cross-sectional area to zero. 

In another embodiment (not shown) , core 920 is a core of 
a multicore fibre. 

Another embodiment of the invention is a fibre having a 
first region arranged to guide light in a solid core by total 
internal reflection and a second region arranged to guide 
light in an elongate hole by photonic band-gap guidance, the 
two regions being connected by a transition region in which 
the elongate hole collapses. 

An example of such a fibre is fibre 1000 (Fig. 12) . 
Fibre 1000 comprises a first region A comprising a plurality 
of holes 1010 (only four are shown, for ease of illustration) 
embedded in a silica matrix material. The holes 1010 are 
arranged to provide a band-gap for light of a selected 
wavelength propagating in air. However, in region A, light is 
guided in solid silica core region 1005; guidance occurs 
because holes 1010 lower the effective refractive index of the 
cladding region of fibre 1000, resulting in total internal 
reflection between core region 1005 and the cladding region 
containing holes 1010. 

In region B, on the other hand, fibre 1000 includes a 
low- index core in the form of an elongate air hole 1020, and 
the band-gap provided by holes 1010 causes light of the 
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selected wavelength to be confined to that hole 1020* Region 
A does not include air-core 1020 because hole 1020 has been 
collapsed during drawing of fibre 1000. An abrupt transition 
region 1030 exists where hole 1020 decreases in cross- 
sectional area to zero. 

Thus the invention provides an arrangement for readily- 
transferring light between regions of fibre that guide by the 
two different guidance mechanisms known for micros tructured 
fibres , The fibre may thus benefit from advantages of each 
mechanism; for example, devices only possible in index-guiding 
fibre may be incorporated in-line in an otherwise photonic 
band-gap guiding fibre. In the example of Fig. 12, holes 1010 
retain the periodicity for photonic band-gap guiding, even in 
region A, Of course, in other embodiments, the holes in 
index-guiding regions such as region A may be transferred by 
selective pressurisation into any configuration that retains 
an effective refractive index step with the core region. 

Set out above are some examples of devices that may be 
produced in a method according to the invention. It is 
envisaged that a great many other devices may also be produced 
according to the method, due to the great range of possible 
fibre structures that may result from controlling pressure in 
selected holes of a preform for a microstructured fibre. 
Also, it may be that the devices described above may be made 
by methods not according to the invention, for example by 
post-processing a microstructured fibre (for example, by heat 
treatment) . 
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1. A method of manufacturing a micro structured fibre, 
comprising: 

(i) providing a preform comprising a plurality of 
elongate holes ; 

(ii) mating at least one of the holes with a connector 
to connect the hole (s) to an external pressure-controller; 

(iii) drawing the preform into the fibre whilst 
controlling gas pressure in the hole(s) connected to the 
pressure- controller , 

2. A method as claimed in claim 1, in which the preform 
comprises a plurality of elongate elements, arranged side by 
side in a bundle, a plurality of the elements being tubes, 
wherein each tube defines one of the holes in the preform* 

3. A method as claimed in claim 1, in which the preform 
comprises a matrix material that defines the holes, 

4- A method as claimed in any preceding claim, in which the 
external pressure- controller increases the pressure in the 
hole above atmospheric pressure, 

5, A method as claimed in any of claims 1 to 3, in which the 
external pressure-controller decreases the pressure in the 
hole below atmospheric pressure, 

6, A method as claimed in any preceding claim, in which the 
pressure in the hole is kept constant throughout the drawing 
of the fibre. 

7, A method as claimed in any of claims 1 to 5, in which the 
pressure in the hole is varied during the draw. 

8, A method as claimed in claim 6, in which the pressure is 
pulsed periodically. 

9, A method as claimed in any preceding claim, in which a 
plurality of the holes are connected to the external pressure- 
controller. 

10, A method as claimed in any preceding claim, the method 
including the step of pressurising further groups, each 
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comprising at least one of the holes, to a second pressure or 
pressures . 

11. A method as claimed in any preceding claim, the method 
including the step of varying over time the rate at which the 
fibre is drawn from the preform. 

12. A method as claimed in any preceding claim, the method 
including the step of varying over time the preform feed rate. 
13- A method as claimed in any preceding claim, the method 
including the step of varying over time the furnace 
temperature - 

14. A method as claimed in any preceding claim, in which the 
pressurisation results in at least one elongate hole formed in 
the drawn fibre having a different transverse area in one part 
of the fibre from its transverse area in another part of the 
fibre . 

15. A method as claimed in any preceding claim, in which the 
pressurisation results in at least one part of the dielectric 
matrix region having a different transverse area in one -part 
of the fibre from its transverse area in another part of the 
fibre . 

16- A method as claimed in claim 15, in which at least one 
hole is completely collapsed over a length of the fibre. 

17. A method as claimed in any preceding claim, in which the 
pressurisation results, in a transverse cross-section of the 
drawn fibre, in a plurality of concentric regions, wherein 
alternate adjacent regions are of a higher and a lower 
effective refractive index respectively. 

18. A method as claimed in any preceding claim, in which the 
pressurisation results in the drawn fibre being a W-profile 
fibre over at least part of its length. 

19. A method as claimed in any preceding claim, the method 
including the step of producing a plurality of devices 
arranged axially along the PCF by varying over time the 
pressure applied to the hole or holes. 
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20. A method as claimed in any preceding claim, in which the 
pressurisation results in the drawn fibre comprising a long 
period grating, 

21. A method as claimed in any preceding claim, in which the 
variation in pressurisation results in a change in the 
symmetry of the fibre, such that a portion of the fibre is 
biref ringent - 

22. A method as claimed in claim 21, in which two portions of 
the fibre are birefringent and their principal polarisation 
axes are rotated relative to each other by the variation in 
pressurisation , 

23. A method as claimed in claim 22, in which the 
distribution of pressure in the holes is altered part -way 
through the draw so as to make the slow axis into a fast axis 
and vice -versa, 

24. A method as claimed in any of claims 21 to 23, in which 
further portions of the fibre may be birefringent and have 
rotated polarisations, 

25. A method as claimed in any preceding claim, in which the 
variation in pressurisation results in a change in core size 
in the drawn fibre, such that the fibre comprises a fibre 
portion having a larger core region and a fibre portion having 
a smaller core region, 

26. A method as claimed in any preceding claim, in which the 
variation in pressurisation results in a change in core size, 
such that the fibre comprises a nonlinear fibre portion, 
comprising a core region that is sufficiently small for 
significant nonlinear optical effects to occur in use, 

27. A method as claimed in any preceding claim, in which the 
drawn fibre comprises a plurality of core regions. 

28. A method as claimed in claim 27, in which the variation 
results in the separation of at least two of the cores being 
reduced in a region of the fibre, such that the fibre 
comprises an optical coupler comprising the reduced separation 
region. 
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29. A method as claimed in claim 28, in which the fibre 
comprises two such optical couplers that form a Mach-Zehnder 
interferometer . 

30. A method as claimed in claim 2 8 or claim 29, in which the 
5 fibre comprises a network of switches and/or filters formed 

from a plurality of such couplers. 

31. A method as claimed in claim 27 , in which the fibre 
comprises more than two cores. 

32. A method as claimed in claim 31, in which the variation 
10 results in the separations of the cores being reduced over a 

plurality of portions of the fibre to form optical couplers 
between each of the more than two cores, 

33. A method as claimed in any preceding claim, in which a 
transition region formed between each of a plurality of 

15 optical devices formed in the fibre is sufficiently gradual to 
be adi aba t i c - 

34. A method as claimed in any preceding claim, in which the 
condition of the draw is oscillated between two states over 
time to form a transition region, the first state being 

20 matched to the mode of a first optical device comprised within 
the fibre and the second state being matched to the mode of a 
second of optical device comprised within the fibre. 

35. A method as claimed in any preceding claim, the method 
includes the step of manufacturing twist-compensated DGD-free 

25 fibre by oscillating the structure to and fro periodically 
along the length of the drawn fibre. 

36. A method as claimed in any preceding claim, in which the 
pressure is oscillated during the draw to avoid unwanted 
nonlinear effects by oscillating the fibre structure around a 

30 desired structure that satisfies an unwanted phase -matching 
condition. 

37. A method as claimed in any preceding claim, in which the 
method includes the step of producing a DCP with graded 
properties that match the dispersion curve in standard 

35 telecomms fibre over the telecommunications bands. 
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38. A method as claimed in any preceding claim, in which the 
method includes the step of calibrating the relationship 
between parameters of the draw and parameters of the drawn 
fibre . 

39. A method as claimed in claim 38, in which the method 
further comprises varying parameters of the draw according to 
the calibration results to produce a fibre having a selected 
structure. 

40. A method as claimed in any preceding claim, in which the 
pressure applied to the or each hole is controlled by a 
digital signal. 

41. A method as claimed in any preceding claim, in which a 
portion of the preform is retained undrawn during the drawing 
of the fibre, and individual connections are made directly, 
for example via a hose, from one or more external pressure- 
controllers to each hole or holes to be pressurised by that 
pre s sure - cont ro 1 1 er . 

42. A method as claimed in any of claims 1 to 40, in which a 
connector is provided to connect the holes to the external 
pressure-controller. 

43 . A connector for connecting a preform, which is for a 
micro structured fibre and which comprises a plurality of 
holes, to a pressure source, the connector comprising a 
plurality of elements arranged to mate with one or more of the 
holes, each element being connectable to a pressure source. 

44. A connector as claimed in claim 43, in which different 
ones of the elements are connectable, individually or in 
groups, to different pressure sources. 

45. A connector as claimed in claim 43 or claim 44, in which 
the preform comprises a plurality of tubes and the elements 
are chambers in which one or more of the tubes terminate. 

46. A connector as claimed in claim 45, in which each chamber 
is in fluid communication with a passage that is connectable 
to the pressure source . 

47. A connector as claimed in claim 45 or claim 46, in which 
the chambers are distributed in the connector in a plane 
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substantially orthogonal to the direction in which the tubes 
are intended to pass through the apertures, 

48. A connector as claimed in claim 47, in which the chambers 
are adjacent to the apertures, 
5 49. A connector as claimed in claim 48, in which the chambers 
are recesses in a side of the connector. 

50. A connector as claimed in any of claims 43 to 48, in 
which the chambers are distributed in the connector along the 
direction in which the tubes are intended to pass through the 

10 aperture. 

51. A method as claimed in any of claims 1 to 42, further 
comprising the step of mating a connector as claimed in any of 
claims 41 to 50 with an end of the preform such that the 
elements of the connector mate with at least some of the 

15 holes, connecting the elements to one or more external 

pressure-controllers and pressuring the holes to one or more 
selected pressure during the draw. 

52 . A method of manufacturing a microstructured optical 
waveguide, comprising: 

2 0 (i) providing a preform in which there are a plurality 

of holes running side-by-side through the preform; 

(ii) coupling a pressure-controller to one or more, but 
not all, of the holes for controlling the gas pressure in 
those holes; 

25 (iii) drawing the preform into an optical waveguide 

while controlling the gas pressure in the holes that are 
coupled to the pressure- controller . 

53 . A fibre made by a method according to any of claims 1 to 
43, 51 or 52. 
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Abstract: Photonic Crystal Fibers (PCFs) have appeared as a new class of 
optical waveguides, which have attracted large scientific' and commercial 
interest during the last years. PCFs are microstructured waveguides, usually 
in silica, with a large number of air holes located in the cladding region of 
the fiber. The size and location of these air holes opens up for a large degree 
of design freedom within optical waveguide design. Further, the existence 
of air holes in the PCF gives access close to the fiber core and by 
introducing new materials into the air holes, a high interaction between light 
and hole material can be obtained, while maintaining the rnicrostructure of 
the waveguide- In this paper, we describe what we call Liquid Crystal 
Photonic Bandgap Fibers, which are PCFs infiltrated with Liquid Crystals 
(LCs) in order to obtain increased fiber functionality. We describe a thermo- 
optic fiber switch with an extinction ratio of 60dB and tunable PBGs using 
thermo-optic tuning of the LC. These devices operate by the PBG effect and 
are therefore highly sensitive to the refractive index distributions in the 
holes. 
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Introduction " "-^ ■■ * V -vh<. . 

Standard opucal waveguides guide light by total internal reflebtion, which requires that the 
refractive index of the waveguide core is larger than that of the surrounding (often 
homogeneous) cladding. Such waveguides have been extremely successful as transmission 
fibres [1] in world-spanriing telecornmunication systems or in the emerging field of integrated 
optics [2} With the appearance of photonic crystal fibres 13] (PCFs) and, more generally, 
three-dimensional periodic structures for control of electromagnetic waves [4], a more diverse 
field of optical waveguides has appeared, relying on the properties of structural repeatable 
index contrasts often in air-solid combinations [5]. The waveguiding properties of photonic 
crystal structures may (depending on structure) either be explained as modified total internal 
reflection [6j, or as Photonic BandGap (PBG) guiding, in which a periodic cladding structure 
exhibit strong reflection through a two-dimensional destructive interference process. PCr* 
have shown numerous unique properties, e.g., as non-linear fibres with highly extended 
dispersion control [7], as air-guiding fibres [8] or Bragg fibres [9] allowing for transmission of 
light at new wavelengths, or as fibres with very high numerical apertures, which are 
specifically attractive in very-high-power cladding-pumped fibre lasers [10], 

Photonic crystal structures have also opened for a highly extended access to the guided 
light through the hollow voids in or around the core region of the waveguide. 

Important examples include the demonstration of large waveguide dispersion in a FCr» 
with high-index liquid [1 1] filled holes, or as devices combining Bragg grating technology and 
Microstructured Optical Fibres (MOFs) with polymer-filled air holes [12]. The work by 
Kerbage and Eggleton [13] is particularly interesting, because it shows the possibility _ of 
realising active waveguide control, by dynamic positioning of a rnicrofluid inside a MOF. 
Further, Yabionovitch [14] states that a combination of liquid and photonic crystals may hold 
new potential also for 3-dimensional waveguide structures. 
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The perspectives of design and active control of optical waveguides are further widened, 
if we bring the idea of self-organised material components into action. A very interesting 
candidate is the use of Liquid Crystals (LCs), which according to theoretical work by Busch 
and John [15] may be used in three-dimensional photonic crystals to obtain tuneable light 
localization, or to allow mirrorless lasing through the formation of a self-assembled PBG 
material [16]. It is, therefore, fundamentally interesting to study the potential application of 
LCs as means of introducing enhanced periodicity and controllability, and in a further sense 
make the two-dimensional PCF a three-dimensional structure. Even more, it is relevant to 
consider the fundamental differences between optical waveguiding resulting from total 
internal reflection in contrast to the PBG effect* because enhanced active waveguide control 
must be expected, if e.g., switching between these two waveguiding principles is brought in 
action. 

Here we report the first liquid-crystal-filled photonic crystal fibres, which guide light by 
the photonic bandgap effect as shown on Fig, 1. We demonstrate the first use of an actively 
controlled photonic bandgap fibre device, and describe how liquid-crystal-filled PCFs can 
serve as a highly sensitive, tuneable signal-processing element operating by the photonic 
bandgap effect We demonstrate a tuneable filter function and low-voltage controlled 
broadband optical switching with an extinction ratio of as much as 60 dB, and an insertion 
loss of only ldB. 



Mesophases of liquid crystals 

Liquid crystals are organic materials consisting of geometrically anisotropic molecules, 
leading to long-range orientational [17], [18] order and a number of mesophases* which are 
thermodynamic phases with physical properties intermediate between those of pure liquids 
and pure solids. Phase transitions occur either when temperature is varied (thermotropics) or 
when the concentration of solute molecules is varied (lyotropics). Thermotropics are mainly 
used for electro-optic applications, such as flat-panel laptop displays, Lyotropics occur 
abundantly in nature, such as in DNA and cell membranes. We are presently concerned with 
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Fig. 1. Micrograph of the end facet of a ^quid-crystal- filled photonic crystal fibre. The periodic 
structure, consisting of silica and liquid crystal, gives rise to a cladding with photonic 
bandgaps, and the fibre supports only guided modes at certain wavelength bands. In this case, a 
blue mode is supported in the visible region of the spectrum. 
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thermotropic, rodlike (calamine) LCs and examples of mesophases within this class are shown 
in Fig. 2. Nemctics have only long-range orientalional order, while smectics A and Cm 
addition have long-range positional order in one dimension, resulting in a structure of thin (2- 
5 nm) layers; several hundred smectic layers thus average up to determine the local opucal 
properties- In case of chiral molecules, all phases become noncentrosvrnmetric, leading to a 
helical superstructure in chiral nematic (N*=cholesteric) and chiral smectic C (SmC*), but not 
in chiraJ smectic A <SmA*). The helical structures are self-organized PBG materials, 
provided the helical pitch p is on the same order of magnitude as the wavelength of the light. 
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Fig. 2. Examples of phases of tbermotropic liquid crystals: Nematic. Smectic A and Smectic C 
phases (non-chiral molecules), appearing in that order upon cooling, if the same material 
possesses all of these phases. If the molecules are chiral, we instead have N* (=cholestenc), 
SmA* and SmC*. These phases all lack mirror planes. A helical superstructure due to the 
molecular chiralily appears in the N* and SmC* phases (shown), but not in the SmA* phase 
(not shown). 

Liquid crystal photonic band gap fibres 

In this work, we have filled LCs into the circular voids of a triangular structured PCF, with 
inter-hole distance of 7um and hole size of 3.5um. We examined the alignment of the LC by 
polarizing microscopy observations of a single hole. We have used two different types of LCs: 
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MDA-00-1445 from Merck and TM2I6 from BDH. The first is a short-pitch cholesteric 
having a N* to isotropic phase transition at 94°C f a reflection wavelength of 470nm and extra- 
ordinary and ordinary refractive indices of 1^.589^1*6844 and rioj5&9*m= 1.5070, respectively. 
The latter has both a chiral Smectic A and a cholesteric phase, with the phase transition 
temperatures SmA* 26.2°C N* 42.3°C Isotropic. TM216 is a short-pitch LC with a highly 
temperature sensitive pitch around the SmA* to N* phase transition [19], 

Alignment study 

Polarized microscopy observations of MDA-00-1445 in its cholesteric phase indicated that the 
helix axis of the cholesteric was aligned in a radial symmetry and perpendicular to the fibre 
axis. These observations are consistent with the ones found by Kitzerow et al. [20]. Similar 
observations of TM216 in the SmA* phase indicated a homeotropic alignment of the director 
in a region extending from the inner walls of the holes and in towards the central region of the 
holes. This centra] region had no or litde transmission dependence in the polarized 
microscope. These observations suggest that the LC is aligned radially within the PCF holes - 
equivalent to a smectic layer structure forming concentric cylinders along the axis of the PCF 
holes, and wrapped around an optically isotropic core region. This alignment is consistent 
with observations by Lo et al [21] and by Mang et al. [22] and is further substantiated by a 
theoretical study by Kralj and Zumer [23]. 

Device description 

After the alignment study, all voids of a PCF were filled with LCs, where the relatively high 
and controllable refractive index of the LC, together with the periodic arrangement of holes in 
the PCF, gives rise to a fibre cladding with photonic bandgaps [24]. The spectral 
characteristics of the filled fibre, thereby, depend on the original PCF structure and on the 
alignment and optical properties of the LC. 

To access the potential of controllability, we coated the filled section of the fibre with a 
thin conducting layer - forming a resistive microheater. By applying a small current through 
the microhealer, the temperature of the LC and f thereby, the photonic bandgaps of the 
cladding structure could be controlled. The device-principle is illustrated in Fig. 3(a). The 
inset in Fig. 3(a) shows a polarized micrograph of the SmA* phase of TM216 inside a PCF 
hole. 

Waveguiding principle 

While accurate simulation of fibre operation is difficult for the exact LC composition in the 
holes. Fig. 3(b) qualitatively illustrates the bandgap effects that are in play. The figure 
illustrates mode indices of allowed states of the fibre as function of wavelength. We have 
made the approximation of a uniform refractive index material filling the holes. The rods 
were simulated for a refractive index of 1.59(chosen to be approximately equal to the average 
value of the ordinary and extra-ordinary refractive indices). Although this is an approximation 
it serve to explain the basic waveguiding mechanism, but cannot be used for accurate 
simulation of cladding modes and bandgap edges, since it is expected that the actual 
alignment of the LC will have a significant influence on these solutions. 
The fibre has LC-filled holes of diameter, d, equal to 3.5urn, and pitch, A of 7,0 uxn. 
Intuitively, the operation of the LC-filled fibre may be explained as individual rods (the LC- 
filled holes) forming isolated waveguides at short wavelengths, whereas, for increasing 
wavelength, the rods become resonant and finally strongly coupled waveguides. Most 
importantly, forbidden regions with mode index below the low-index background material (n 
= 1.45) appear for narrow spectral ranges. Within these spectral ranges, the fibre is capable of 
confining and guiding light in the core, despite its lower refractive index compared to the 
surrounding rods. The spectral position and extend of these 'light-guide' ranges are highly 
dependent on the exact composition of the rod material. Hence, the strong sensitivity of LCs 
makes them ideal candidates for control of light guidance by very small external influences. 
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Fig. 3. (a) Device principle. The voids of a triangular structured PCF is filled with a liquid 
crystal and coaled with a thin conducting layer, which forms a resistive microheater. Upper left 
inset shows a polarized micrograph of a liquid crystal inside a PCF void, (b) Mode index 
simulation of rod-type photonic crystal. At short wavelengths, the individual rods form isolated 
waveguides, for increasing wavelength the rods become resonant and finaNy strongly coupled 
waveguides. A forbidden region with mode index below the low-index background material 
(blue line) appears for narrow spectral ranges. These spectral ranges are utilized to guide light 
in the core and they are highly dependent on the exact composition of the rod material, liquid 
crystals provide a very high sensitivity to the spectral location of these 'light-guide' ranges, 
thereby opening up the possibilities of low~voltage driven all-optical functional devices. Field 
distributions of a high-index cladding mode (left), a defect mode guided by the core (middle), 
and a low-index cladding mode (right) are shown in the top panel. 
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Device Characterization 

Due to phase transitions, the LC shows large thermo-optical effects, whereby the photonic 
bandgaps of the cladding may be shifted spectrally. We found bandgap location sensitivities 
of 3nm/°C and lnm/°C at infrared and visible wavelengths, respectively. However, when 
operating the LC around the phase transition temperatures, significantly stronger effects were 
observed - thereby causing large modifications of the refractive index distribution. This is 
demonstrated in Fig. 4 T where a 20mm length of PCF is filled with a cholesteric LC (MDA~ 
00-1445) and heated from 77°C to 94°C. The dominant bandgap changes from green to 
yellow* into an off state* and then to blue. The off-state is attributed to a highly scattering 
behavior of the LC at the phase transition, where the molecules tend to dis-align from their 
cholesteric phase. 




Fig. 4. Micrographs of the guided nodes in a PCF filled with a short-pitch cholesteric 
LC(MDA-00-1445). Well below the N* 10 Isotropic phase transition temperature (T C =94°C) 1 
the bandgap location sensitivity is approximately Imrv°C and 3 nm/*C in the visible and 
infrared region, respectively. Closer to T 0 the trans rhissi on characteristics changes more 
rapidly, and the color of the guided modes changes from a) green @T=77°C to b) 
yellow@T=89°C and then into an c) off state@T=91*C for thereafter to change to d) 
blue@T=s94*C 

The experimental observation of this effect encouraged us to investigate other LC phase 
transitions at lower temperatures to explore the potential of low-voltage controlled fibre 
functionalities. For this purpose, we filled 10mm of the PCF voids with TM216 and examined 
the characteristics of the photonic bandgaps at the SmA* to N* phase transition. Figure 5(a) 
shows the transmission spectrum of the Filled fibre, when the LC is in its SmA* and N* phase. 
In the SmA*, case there are 3 bandgaps around 670nm, lOOOnm and 1600nm, with the 670nm 
and lOOOnm bandgap having insertion loss as low as ldB, When slightly heated to above the 
SmA* phase, which only required a voltage of 5mV, all the transmission bands disappear due 
to a highly scattering dis-alignment of the LC in the N* phase. Figure 5(b) shows the 
spectrum of a 974nrn pump laser coupled to the fibre, where a60dB extinction ratio occurs for 
a temperature interval of only 0.4 C C. Further experiments have shown a 60dB extinction ratio, 
where the required temperature interval only was (U°C, but this was difficult to maintain due 
to thermal fluctuation in the laboratory. 



#2871 - $15.00 US 
(C) 2003 OS A 



Received August 07, 2003; Revised September 29, 2003 
6 October 2003 / Vol. 1 1 , No. 20 / OPTICS EXPRESS 2S95 



s 



(a) 




1000 1200 1400 
Wavelength Inm] 



(b) 




970 



972 



974 976 
Wavelength [nm] 



978 



980 



Fig. 5. (a> Transmission spectrum for a triangular stn*iure< , PCFfOle^ ^ ^ h ^^ n 
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Conclusion . 

These results indicate that small, high-performance optical devices may be design ed that 
^uTrer a minimum of external influence to obtain tuneabuxty, and „orfmantv of 

3£ ass o^r^^ 

SsSKm^ 
certain molecules, e.g., proteins. 
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Porous Materials and Supercritical Fluids** 



By Andrew L Cooper* 




1. Introduction 

1*1. Alternative Solvents 

Almost 15 billion kilograms of organic and halogenated sol- 
vents are produced worldwide each year. The use of organic 
solvents in manufacturing and processing on this scale repre- 
sents a major ecological problem. Similarly, both the genera- 
tion of polluted aqueous waste streams and the energy used to 
remove water from products (i.e., drying steps) make signifi- 
cant contributions to global environmental pollution. As such, 
there is a real need to consider either solvent-free processes 
or alternative solvents. f 1 '^ In recent years, a number of re- 
search groups have proposed alternatives to conventional 
organic solvents or water. These include supercritical fluids 
(SCFs), 14,51 ionic liquids, [6] and fluorous solvents. 17 - 8 ' 

This review focuses specifically on the use of SCFs for the 
synthesis and processing of porous materials. In particular, the 
aim is to highlight areas where the unique properties of SCF 
solvents can be exploited to generate materials that would be 
difficult or inconvenient to obtain by other routes. The gener- 
al properties of SCFs in relation to chemical synthesis* 4 * and 
extraction^ have been reviewed previously and will not be 
reiterated here. The specific benefits associated with SCFs in 
connection with porous materials will be discussed through- 
out. 
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1.2* Supercritical Fluids in Materials Chemistry 

SCF solvents are being evaluated in a diverse range of 
materials applications, 19,101 such as polymer synthesis, f11_UJ par- 
ticle formation, 114 " 1 * 1 coatings, lithography,* 1,171 dyeing, 1181 and 
waste management. 119 * 201 All of these applications exploit at 
least one of the unique properties associated with SCFs. There 
are several specific reasons to consider SCFs as alternative 
solvents for the synthesis and processing of porous materials: 

i) The production of porous materials is often solvent inten- 
sive—more sustainable alternatives could offer significant en- 
vironmental benefits. 

ii) Drying steps can be energy intensive— with the excep- 
tion of water, most of the SCF solvents studied so far are 
gases under ambient conditions, 

iii) Pore collapse can occur in certain materials (e,g,, aero- 
gels) when removing conventional liquid solvents— this can 
be avoided by the use of SCF solvents, which do not give rise 
to a liquid-vapor interface. 

iv) Porous structures are important in biomedical applica- 
tions (e.g., tissue engineering) where there are strict limits on 
the amounts of residual organic solvent that, may remain in 
the materials— this provides a strong driving force to seek 
non-toxic solvent alternatives. 

v) Surface modification of porous materials frequently 
requires the use of solvents that will wet the pore structure 
efficiently— SCFs (and certain liquefied gases, such as C0 2 ) 
are extremely versatile wetting agents due to their low surface 
tensions (e.g., liquid C0 2 will wet Teflon). 

vi) Surface modification or tempi ating of nanoporous 
materials presents special problems because organic solvents 
are often too viscous to fill such small pores. Even gaseous 
species (when below the critical temperature) can condense 
within small pores, thus forming a relatively viscous liquid 
"plug" that blocks the pore to further penetration. SCF 
solvents have much lower viscosities than organic liquids and 
cannot condense into the liquid state. Moreover, mass-trans- 



Adv. Mater, 2003, /5, No. 13, July 4 DOI: 10.1002/adma.200300380 © 2003 WILEY- VCH Verlag GmbH & Co. KGaA* Weinheira 1049 



BfJSDOCID: <XP 23145B7A_L> 



i 
i 



ADVANCED _ 
/MATERIALS 



A. /. Cooper/Porous Materials and Supercritical Fluids 



fer rates in SCF solvents tend to be high owing to low solvent 
viscosity. 

vii) As a result of their compressed state, SCF solvents are 
highly suited to the generation of polymer foams. Moreover, 
polymer foaming requires that the materia) is either melted or 
highly plasticized— many SCF solvents are excellent plasticiz- 
ing agents (while being non-solvents) for a wide range of poly- 
mers. 

In many applications, more than one these considerations is 
important. As such, the synthesis and processing of porous 
materials is a particularly fertile area for SCF research. This 
review will summarize recent advances in the use of SCF sol- 
vents for the generation or modification of porous structures, 
with special attention to the points listed above. 

To avoid confusion, we have restricted our use of the terms 
micropore, mesopore, and macropore to the definitions re- 
commended by TUPAC, 121 5 i.e.> micropores <2 nm, mesopores 
2-50 nra, and macropores > 50 nm. 



than the foaming temperature: at this point the cellular struc- 
ture can grow no further and is locked in. The sudden reduc- 
tion in pressure leads to the generation of nuclei due to super- 
saturation, and these nuclei grow to form the cellular 
structure until vitrification occurs. 

U!tralow-fc dielectric materials have been produced by 
foaming polyimides (e.g., Matrimid) using ^cC0 2 m This ap- 
proach allows the formation of both microcellular and bicon- 
tinuous, nanoporous structures, with dielectric constants as 
low as k = 1/77, A process was also developed for the produc- 
tion of porous polyetherimide monofilaments by semicontinu- 
ous solid-state foaming using a modified "pressure-cell" tech- 
nique.^ 11 Dense, C0 2 -saturated fibers were spun at rates up to 
1 ms" 1 with porosity being introduced at the spinning head 
(Fig. 1). The process was designed to allow the production of 
closed microcellular as well as open nanoporous filaments. 



2. Generation of Porous Materials by Supercritical 
Fluid Processing 

2.1* Foaming 

2,1 J. Microcellular Polymer Foams 

SCFs are useful for the production of expanded microcellu- 
lar polymer foams, as reviewed previously, 1131 For example, 
"solvent-free" 122 " 291 approaches have been developed whereby 
a polymer is saturated with supercritical carbon dioxide 
(scC0 2 ) (usually at moderately elevated temperatures), fol- 
lowed by rapid depressurization at constant temperature (i.e., 
a pressure quench as opposed to a temperature quench). This 
method takes advantage of the large depression in the glass- 
transition temperature (T e ) found for many polymers in the 
presence of C0 2 , which means that the polymer may be kept 
in the liquid state at relatively low temperatures. By lowering 
the pressure at a fixed temperature, the amount of diluent ab- 
sorbed by the polymer is decreased. Thus, T t begins to rise, 
eventually to the point where the T & for the polymer is higher 




Fig, 1. Electron image of the cross-section of a foamed polyetherimide^ fiber, 
saturated for 8 h at 10 bar C0 2 saturation pressure and foamed at 180 *C for 
30 s. Scale bar -100 um. Reproduced wiUi permission; copyright 2002, Ameri- 
can Chemical Society [31]. 

The generation of microcellular poly(vinylidene fluoride) 
(PVDF) foams using scC0 2 by continuous extrusion has also 
been described. 1321 Both semicrystalline PVDF and blends of 
PVDF with polystyrene (PS) and po!y(methyl methacrylate) 
(PMMA) were foamed using a single-screw extruder. For 
PVDF/PMMA blends, it was found that the cell density de- 
creased (from 10 s to 10 10 cell cm" 3 ) and the bulk density 
increased (from 0,85 to 1.25 gem" 3 ) as the foaming tempera- 
ture was raised from 140 to 200 °C t321 
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2.1.2. Biocomposite Foams 

It is clearly desirable to use non -toxic solvents for the syn- 
thesis or processing of biocomposite materials (e.g., for tissue 
engineering). 133 - 341 Carbon dioxide is an obvious choice for 
such applications, although SCF a!kanes (e.g., ethane, pro- 
pane) and certain hydrofluorocarbons (e.g., Rl34a) |33) could, 
in principle, fulfil similar requirements from a toxicological 
perspective. A major challenge in this area is to incorporate 
biologically active guest species into polymer hosts without 
loss of activity. For example, there are well-documented prob- 
lems in maintaining protein activity under conventional 
processing methods due to either the presence of an organic- 
aqueous interface (e.g. t double-emulsion techniques), ele- 
vated temperatures (e.g., polymer melt processing), or vigor- 
ous mechanical agitation. A further challenge is to control the 
morphology of the composites (e.g., to generate porosity that 
optimizes release characteristics or allows cell infiltration into 
a scaffold). 

SCF mixing can be used to overcome many of these limita- 
tions in a single processing step. For example, C0 2 -induced 
plasticization has been exploited to lower the viscosity of bio* 
degradable polymers, such as poly(D,L-lactide) (PLA), polylac- 
tide-co-polyglycolide) (PLGA), and polycaprolactone, to such 
an extent that bioactive guests could be mixed into the poly- 
mer at temperatures close to ambient (e.g., 35 6 Q 200 bar). 1361 
Foaming occurred upon venting the CO2, which introduced a 
high degree of porosity into the composite materials. Bioconv 
posites were formed encapsulating enzymes (e,g, t ribonu- 
clease A, catalase, p-o-galactosidasc) and it was found that 
the enzyme activity was retained. Adenoviral osteoprogenitor 
constructs were also produced by SCCO2 foaming of PLA 
(Fig. 2)P 7 ^ The replacement of bone tissue is a major clini- 
cal and socioeconomic need, and again the avoidance of 
organic solvent residues is appealing. 

Microporous PLGA foams containing encapsulated pro- 
teins (e.g., basic fibroblast growth factor) have also been pre- 
pared by SCF processing of water-in-oil (W/O) emulsions. 1391 




Rg. 2. Demonstration of sub-cutaneous new bone formation using human os- 
teoprogenitor cells, seeded onto a porous SCF-processed poly (lactic acid) scaf- 
fold, adsorbed with a bone growth factor (osteoblast stimulating factor-1) in 
MF1 nude mice. Noie the extensive new woven bone formation (dark areas in 
image) as confirmed using birefringence microscopy demonstrating organized 
collagen and matrix formation. Scale bar = 1 |inv Reproduced with permission; 
copyright 2003; American Society for Bone and Mineral Research [38], 



In this process, an aqueous protein phase was emulsified in a 
concentrated solution of PLGA in methylene chloride fol- 
lowed by SCF extraction of the organic solvent and subse- 
quent SCF foaming. Residual methylene chloride levels in the 
foams were found to be higher than the 600 ngg~ l limit estab- 
lished by the US Pharmacopoeia, although it was suggested 
that these levels could be reduced by longer periods of SCF 
extraction, 139,401 or by prolonged vacuum drying^ 3 * 1 The syn- 
thesis of PLGA by ring-opening precipitation copolymeriza- 
tion of lactide and glycolide monomers in SCCO2 using stan- 
nous octoate as the initiator was also reported, 1 * 11 Relatively 
low molecular weight PLGA (M w -3500 gmol" 1 ) was pro- 
duced and the material could be recovered as an expanded 
porous foam after depressurization. 



2-2. Crystallization of SCF-Swollen Crosslinked Polymers 
<CSX) 

An alternative process for the generation of porous poly- 
mer structures is crystallization of swollen, crosslinked poly- 
mers, or "CSX". 1421 Candidate materials for this process 
require i) a crystaJlizable block in the polymer; ii) chemical 
crosslinking between the polymer chains; and (iii) the possi- 
bility of swelling by an appropriate fluid. In the CSX process 
(Fig. 3), a preshaped, crosslinked polymer is heated above the 
crystal melting temperature (point 2) before a SCF solvent is 
added in order to transform the polymer into the swollen gel 




Temperature (*C) 



Fig. 3. Schematic pressure-temperature (P-T) diagram of ihe CSX process for 
generating porous structures through an intermediate gel state. The critical 
point (r ft PJ is denoted by "Ci", The various states are as follows: 1) initial 
polymer specimen; 2) amorphous network; 3) swollen gel; 4) bicontinuous 
structure of polymer and SCF; 5) porous polymer structure after venting of 
SCF, Reproduced with permission; copyright 20O2. American Chemical Society 
142] 

state (point 3), Subsequent crystallization leads to the devel- 
opment of two continuous phases: a solid polymer-rich phase 
intertwined with a fluid phase (point 4). After removal of the 
fluid, a bicontinuous pore structure remains (point 5). It 
should be noted that this process is not a foaming process 
since the swollen CSX gel consists mostly of swelling fluid, 
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which does not expand or contract significantly during pore 
formation. This technique has been used to process linear 
low-density polyethylene (LLDPE) with a gel content of 
15.9 % using supercritical propane to give materials with pore 
diameters in the range 10 nm-10 u.m and void volumes of 
more than 80% (Fig. 4)? 2] The resulting pore structure was 
ultraclean, and preliminary results suggested that the materi- 
als were ready for biomedical applications (eg., the culture of 
HEPG2 liver cells) without any further purification. 




The membranes were prepared by a wet phase-inversion 
method, in which a homogeneous polymer solution is im- 
mersed in a non-solvent bath (in this case containing scC0 2 ). 
The approach is analogous to methods used to produce poly- 
mer particles (eg,, precipitation with a compressed fluid anti- 
solvent or "PCA") except that the two solvents are mixed 
much more slowly. (In PCA, the organic polymer solution is 
typically sprayed rapidly into the anttsolvent in order to pro- 
duce particles, see Sec. 2.5 below.) As in the case of the CSX 
process, 1421 the porosity in the membranes was not generated 
by foaming: turbidity was observed in the solutions after addi- 
tion the scC0 2 and little change was observed during depres- 
surization, suggesting that the porous structures were formed 
by antisolvent-induced phase separation rather than by physi- 
cal expansion.! 46 * 



Fig. 4. Electron image of porous radiation crosslinked LLDPE (15.9 %- gel con- 
tent), produce by the CSX process outlined in Figwe 3. Void volume = 83%. 
Scale bar = 100 um. Reproduced with permission; copyright 2002, American 
Chemical Society [42). 

A different strategy is to crystallize polymer materials from 
homogeneous SCF solutions, although this may be somewhat 
limited in scope by solubility considerations, 143 M] An example 
of this approach is the production of mesoporous open-cell 
foams (surface area = 120-150 m 2 g^" 1 ) by crystallization of iso- 
tactic polypropylene from homogeneous solution in supercrit- 
ical propane.* 451 

23. SCF Antisolvent-induced Phase Separation 

Since scC0 2 is such a poor solvent for common, organic 
hydrocarbon polymers, 1441 it has broad potential as an antisoU 
vent for the preparation of porous polymeric materials. 
Porous PS* 4 * 1 (Fig. 5) and cellulose acetate 1471 membranes 
were formed by precipitation from a suitable organic solvent 




2.4. Non-Reactive Gelation of SCF Solutions Using 
Organogelators 

The formation of low-density porous materials with nano- 
scopic features by using low molecular mass organic 8 elato ^ 
(LMOGs) is currently a subject of considerable interest. 1 
Materials produced by this route are often highly fragile and 
subject to structural collapse during drying because of capil- 
lary forces- As such, SCF solvents offer a distinct advantage 
for the synthesis and processing of these materials, for the 
same reasons that SCFs are used to dry silica aerogels. 1 ™ 
Low-density microcellular fluorinated materials were gener- 
ated by a one-step process which uses scC0 2 and requires no 
organic solvents. 19 * 51 - 521 Highly fluorinated, low molar mass 
compounds 151 ^ and polymers 1521 were synthesized which dis- 
solve in scC0 2 and then associate to form gels. Upon removal 
of the C0 2 phase, the gels produced free-standing foams with 
average cell diameters smaller than 1 \un and density reduc- 
tions of 97 % relative to the parent compound (Fig. 6). This 
technique combines gelation and foaming in one process. It is 
likely that less expensive, non-fluorinated gelators (e.g., based 
on peracetylated sugar derivatives 1531 ) could be developed in 
the future for similar applications. 




*<USO 0&2D iSKtf iCOuo 



Fig 5 Porous PS membrane produced by wel phase inversion from toluene 
using scCOi as the antisolvcru (25 °C 20 wt.-% polymer solution in toluene, 
M w = 2SOO0O gmol" 1 ). Reproduced with permission; copyright 2001, Elsevier 
Science {46]. 



Fig. 6. SEM image of a free-standing foam produced from a CO,-soJiA4* in- 
functional urea by gelation of a 5 wt-% solution in scC<£ (scale bar |m . 
Bulk density of the foam is approximately 0.09 gem" 3 . R^™*"** J^?^ 
mission; copyright 1999, the American Association for the Advancement of 
Science [51). 
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Similarly, LMOG aerogels have been produced from 2,3-di- 
decyloxyanthracene, both by SCF drying of gels formed in 
ethanol, and by direct gelation of SCCO2 without the use of 
any organic solvents- 1541 



2.5. Porous Particle Formation 

The preparation of micrometer-sized particles using SCFs is 
particularly useful for the processing of pharmaceutical for- 
mulations. 1 " 1 Broadly speaking, there are two main strategies 
to achieve this; rapid expansion of supercritical solu- 
tions 114,56 " 5 ^ (where the material must be soluble in the fluid) 
and antisolvent precipitation 1 13 ' 38 ' 591 (where the material 
should be insoluble). Antisolvent precipitation has potential 
for generating porous microparticles from a wide variety of 
substrates, particularly since it does not require that the start- 
ing material is soluble in the SCF solvent (see also discussion 
on membranes/ 4 *- 473 Sec. 23). 

Porous PS microspheres and microballoons (hollow micro- 
spheres) were produced by spraying a toluene solution of PS 
through a capillary into C0 2 vapor to form droplets, which 
then fell into liquid C0 2 where they were rapidly dried and 
vitrified. 1 * 01 Both the thickness and porosity of the microcellu- 
lar shells could be controlled by changing the initial solution 
composition. The cell sizes and surface areas of the micro- 
spheres were approximately 1-20 um and 3-40 m 2 g"\ respec- 
tively. 

A non-steroidal drug, Cu 2 (indomethacin) 4 L2 [L= dimethyl- 
formamide (DMF)] was formulated into micrometer-sized 
particles using both gas antisolvent (GAS) techniques and 
aerosol extraction systems (ASES)J 611 In both cases, DMF 
was used as the solvent and C0 2 as the antisolvent. Under cer- 
tain conditions, the material processed by ASES could be iso- 
lated as large (>50 nm), porous spheres. 

The main requirement for these processes is that the solvent 
and the SCF antisolvent are miscible. While the approach is 
therefore quite general, a disadvantage is that the use of or- 
ganic solvents is not avoided. 



3- Chemical Synthesis of Porous Materials Using 
Supercritical Fluids 

XL Chemical Gelation of SCF Solutions 

The use of SCF solvents to avoid pore collapse during dry- 
ing of inorganic, organic, and organic-inorganic hybrid aero- 
gels, 151 ' and other nanoscale porous materials such as semicon- 
ductors^ 625 has been reviewed by others and will not be 
discussed in detail here. In the supercritical state there is no 
liquid-vapor interface so capillary stresses are suppressed, al- 
though other stresses can occur because of differential strain 
between the SCF in the pores and the porous matrix J 62J More 
recently, the same advantages have been exploited to allow 
the preservation of high-aspect-ratio, nanometer-sized fea- 



tures in microlithography using scC0 2 as the developing sol- 
vent (FLg. 7). I1] 
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Fig. 7. Electron images of 150 nm roierolithographic features (6:1 aspect ratio) 
developed by a) aqueous-based development and b) scCO^-based development 
using appropriate adjunct* The use of a SCF solvent for pattern development 
avoids feature collapse, in a similar way that pore collapse is avoided in the 
SCF drying of aerogels. Scale bar = 1 jim. Provided by Micell Technologies and 
reproduced with permission [lj. 

In addition to the use of SCF solvents for the controlled 
drying of preformed porous materials, researchers have 
exploited SCF solvents as media for the in-situ preparation of 
porous materials by chemical reaction (Le. T direct chemical 
gelation of SCF solutions). The primary advantages of this 
approach are that separation is simple and that it is possible 
to avoid the use of large volumes of organic solvents, both in 
the synthesis step itself and by eliminating further solvent 
usage during sample purification. 



3.1.L Sot-Gel Polymerization of Alkoxysilanes in SCFs 

Aerogels have been synthesized by sol-gel polymerization 
of alkoxysilanes in scC0 2 , t501 Instead of forming gels in alco- 
hol solvents before exchanging the alcohol for C0 2 , scC0 2 
was used directly as the sol-gel polymerization solvent Stan- 
dard sol-gel formulations require large quantities of water 
(typically 2-3 equivalents) for the hydrolysis and condensa- 
tion of the alkoxysttane monomers. 151 ' Alcohols are good 
solvents for these processes because they are capable of dis- 
solving both water and non-polar alkoxysilane monomers. 
Since the solubility of water in C0 2 is very low, an alternative 
water-free method was usedJ 501 Alkoxysilanes such as tetra- 
methoxysilane or l,4-bis(triethoxysilyl) benzene were poly- 
merized at 35-45 °C in scC0 2 (410 bar) in the presence of 
13-36 wt.-% formic acid. Gelation occurred within 12 h and 
the gel was aged for a further 12-18 h. At the end of the reac- 
tion, the C0 2 pressure was released to yield silica aerogels in 
almost 100 % yield to give materials with surface areas in the 
range 250-600 m 2 g _I . 



3.1.2, Free-Radical Polymerization using scC0 2 
as a "Pressure- Adjustable" Parogen 

We have investigated the formation of permanently porous 
crosslinked poly(acrylate) and poly(methacrylate) monoliths 
using scC0 2 as the porogenic solvent. 163 - 641 Materials of this 
type 165,661 are useful in applications such as high-performance 
liquid chromatography, high-performance membrane chroma- 
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tography, capillary electrochromatography, microfluidics, 1 * 71 
molecular imprinting, 16 * 1 and high-throughput bioreactorsJ 
In our process, no organic solvents are used, either in synthe- 
sis or in purification. It is possible to synthesize the monoliths 
in a variety of containment vessels, including chromatography 
columns and narrow-bore capillary tubing. Moreover, we 
have exploited the variable density associated with SCF sol- 
vents in order to "fine-tune" the polymer morphology. Fig- 
ure 8 shows the variation in the Brunnauer-Emmet-Teller 
(BET) surface area for a series of crosslinked poly(trimethyl- 



350-. 




Vo i 2* 2'e 2 a SITTTTi ai a"e 4.Q 
Final Pressure (kpsl) 
Fig. 8 Variation in BET surface area (•) and micropore surface area (O) as a 
function of reaction pressure for ■ series of porous poly(trimethylolpropane trt- 
methacrylate) monoliths synthesized using scCOj as the porogen. The variable 
dcnsil v associated with SCF solvents can be used to -fine-tune" porous structures. 
Reproduced with permission; copyright 2002, American Chemical Society [/Oa J. 

olpropane trimethacrylate) monoliths synthesized using 
scC0 2 as the porogen over a range of reaction pressures, 1 
The average pore size and surface area in these materials 
could be tuned continuously over a considerable range (BET 
surface area =90-320 mV 1 ) just by varying the SCF solvent 
density. It is interesting to note that a minimum in surface 
area (and a maximum in the average pore diameter, not 
shown) was observed at a reaction pressure of around 
2600 psi (- 18 MPa). This can be rationalized by considering 
the variation in solvent quality as a function of C0 2 density 
and the resulting influence on the mechanism of nucleation, 
phase separation, aggregation, monomer partitioning, and 
pore formation™ We have also applied the same concept to 
the synthesis of well-defined porous, crosslinked poly(methac- 
rylate) beads (diameters = 100-200 urn) by suspension poly- 
merization, again without the use of any organic solvents 
(Fig. 9). 1721 The surface area of the beads could be tuned over 
a wide range (5-500 mV 1 ) b y varying the C0 2 density. Both 
of these techniques demonstrate how the variable density as- 
sociate with SCF solvents can be exploited to precisely control 
the structure of porous materials produced by reaction-in- 
duced phase separation. 




Rg. 9. Macroporous polymer beads synthesized by suspension polymerization 
using scCOi iVlhe porogen (scale bar* 600 urn). Reaction p.essure = 300 bar. 
Average pore size * 100 run. BET surface area =253 m^. Average bead d.a- 
meter = 130 urn. Reproduced with permission; copyright 2001, American Chem- 
ical Society [72], 

is possible to access a wide range of porous hydrophilic materi- 
als by reaction-induced phase separation (i.e., chemical "lock- 
ing") of concentrated oil-in-water (O/W) emulsions. In prac- 
tice, a significant drawback to this approach is that large 
quantities of a water-immiscible oil or organic solvent are 
required as the internal phase (typically >80 vol.-%). More- 
over, it may be difficult to remove this oil phase from the tern- 
plated material after the reaction. Inspired by studies on SCF 
emulsion formation and stability/ 801 we have developed meth- 
ods for templating high internal phase C0 2 -in-water (C/W) 
emulsions to generate highly porous materials in the absence 
of any organic solvents -only water and C0 2 are used. 1 Pro- 
viding that the emulsions are sufficiently stable (which de- 
pends strongly on the surfactant system), it is possible to gener- 
ate low-density materials (-0.1 gem" 3 ) with relatively large 
pore volumes (up to 6 cmV') from water-soluble vinyl mono- 
mers such as acrytamide and hydroxyethyl acrylate. Figure 10 
shows a crosslinked polyacrylamide material synthesized from 
a high internal phase C/W emulsion, as characterized by scan- 
ning electron microscopy (SEM) and confocal microscopy 
(scale = 230x 230 urn). Comparison of the two images illus- 
trates quite clearly how the porous structure shown in the 
SEM image is templated from the C/W emulsion (as represent- 
ed by the confocal microscopy image of the pores). In general, 
the confocal image gives a better measure of the C0 2 emulsion 
droplet size and size distribution immediately before gelation 
of the aqueous phase. From analysis of the confocal images, 
cell densities in the materials were found to be in the range 
0.5 x 10te x 10 s celiscm' 3 . Initially, we used low molecular 
weight (M w -550 grnor 1 ) perfluoropolyether ammonium car- 
boxylate surfactants to stabilize the C/W emulsions, 1 but a 
significant practical disadvantage is that this surfactant is ex- 
pensive and non-degradable- We have subsequently shown 
that it is possible to use inexpensive hydrocarbon surfactants 
to stabilize the CW emulsions and that these emulsions can 
also be templated to yield low-density porous materials. 



3.2. Templating of Supercritical Fluid Emulsions 

Emulsion templating is useful for the synthesis of highly po- 
rous inorganic 173 - 761 and organic materials. 177 " 791 In principle, it 



33, Nanoscale Casting 



A wide variety of nanoporous structures can be fc™ ed b y 
templating both natural and synthetic materials. The 



1054 



© 2003 W1LEY-VCH Verlag GmbH Co. KG a A, Wtinheim 



h U p J/www.ad vroa Ldc 



Adv. Mattr. 2003, 75, No. 13, July 4 



JSDOCtD: <XP 23t45B7A_|_> 



A. I CooperfPoTQUs Materials and Supercritical Fluids 



ADVANCED . 
/MATERIALS 




acetylacetonate [Pt(acac) 2 ], lsaI titanium isopropoxide [Ti(Oi- 
POaL 191 * 921 and aluminium acetylacetonate [AKacac) 3 f 911 were 
dissolved in scC0 2 and contacted with porous template mate- 
rials such as activated carbon 187-921 and palm nutshell^ 1 After 
treatment in the SCF, the samples were recovered and the 
template material was removed by calcination or oxygen 
plasma treatment. Using this method, it was possible to pro- 
duce temptated nanoporous platinum, 188 ^ 1 silica, 187 - 89 ' 901 tita- 
nia pjijz] and a | unl ina materials. 1911 In the case of silica, it 
was shown that the samples prepared using solutions of TEOS 
in scCO z had much higher surface areas (90O-1400 m 2 g~ l ) 
than samples which were produced by immersion in neat 
liquid TEOS (440-540 mW 8 * 39 901 Nitrogen adsorption- 
desorption isotherms for the materials formed by immersion 
in neat TEOS did not exhibit a manifested step corresponding 
to the existence of micropores or mesopores. 1 * 93 It was as- 
sumed that silica only covered the entrances of the mesopores 
and micropores in the activated carbon template because of 
the high viscosity of the neat precursor medium. By contrast, 
the SCF-assisted approach led to silica penetration of the 
smallest pores in the activated carbon template. 



Fig* 10, Emulsion-tcmplatcd ciosslinked polyacrylamidfi materials synthesized 
by polymerization of a high internal phase COa-in-waier emulsion (C/W 
HTPE). a) SEM image of sectioned material, b) Confocal image of same materi- 
al, obtained by filling the pore structure wilh a solution or a fluorescent dye. As 
such, (a) shows ihe "walls" of the material while (b) shows the "holes" formed 
by lemplating the scC0 2 emulsion droplets. Both images = 230 x 230 um. Ratio 
of CCVaqueous phase = 8020 v/v. Pore volume = 3,9 cm 3 g" 4 . Average pore dia- 
meter- 3.9 um. Adapted from Butler et al. [81]. 

viscosities and surface tensions associated with conventional 
liquid solvents and reagents may prohibit the replication of 
very small features. Even gaseous reagents, when used below 
the critical temperature, may capillary condense into the liq- 
uid phase within nanometer and sub-nanometer-sized pores. 
As such, SCF solvents possess specific advantages for templat- 
ing structures on the nanometer scale since they have low vis- 
cosity, high diffusivities, and never condense into the liquid 
phase. A number of porous inorganic materials have been 
prepared by the process of «'nanoscate casting using SCFs" 
(Fig. ll). tS7-921 In this technique, low molecular weight precur- 
sors such as tetraethyl orthostlicate (TEOS), 187 - 901 platinum 




Fig. 11. Electron image of porous titania sample produced by nanoscale casting 
using supercritical fluids. An activated carbon cloth was ireated with a solution 
of titanium isopropoxidc in CO2 and the carbon template was then removed by 
calcining in air at 873 K (scale bar = 100 um). This method can be used to repli- 
cate features on the macro-, meso-, and microscopic length scales. Reproduced 
with permission; copyright 2001, Elsevier Science [91]. 



4. Modification of Porous Materials Using 
Supercritical Fluids 

In addition to generating porous structures by processing 
and chemical synthesis (Sects. 23). it is also possible to modi- 
fy preformed porous materials using SCFs. 



4.1, Chemical Deposition within Porous Substrates 

Several groups have investigated the reactive deposition of 
metals, polymers, and other materials in order to modify the 
properties of porous substrates by using SCFs. Potential ad- 
vantages include rapid mass transfer, easy separations, and 
the ability to fill even small mesopores and micropores, 

4.1.1. Deposition of Metal Nanoparticles in Porous Materials 

There are a number of reports of the synthesis^ 3-951 or purifi- 
cation 196 ^ of metal nanoparticles using SCF solvents. Recent 
results suggest that this is an area where fine control over sol- 
vent properties (e.g., by varying solvent density) may offer dis- 
tinct advantages. For example, silver and gold nanocrystals, 
sterically stabilized with dodecanethiol ligands, were dispersed 
in supercritical ethane. 1961 Since the van der Waals attraction 
between the nanocrystal cores increases significantly with size, 
an increase in ethane density and thus solvent strength was 
found to disperse larger nanocrystals with size selectivity, A 
reduction in ethane density precipitated the nanocrystals, 
again with size selectivity This suggests that SCF solvents may 
be useful for size separation of metal nanoparticles, which is 
important in a number of emerging technologies. 196 ' 971 
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Metat nanoparticles have been synthesized in 
situ within non-porous, SCF-swotlen polymer sub- 
strates (e.g., polyC^methyl-l-pentene), polytetra- 
fluoroethylene, polyethylene). 198 *" 1 This approach 
takes advantage of plasticization and swelling 
effects associated with SCF solvents. It is also pos~ 
sible to synthesize metal nanoparticles within per- 
manently porous structures^ 100 ' 1011 thereby exploit- 
ing wetting behavior, pore filling, and low viscosity. 
For example, silver nanoparticles have been intro- 
duced into the pore structure of porous crosslinked 
PS beads and silica aerogels by scCO z -assisted 
impregnation of silveT coordination complexes fol- 
lowed by depressurization and subsequent addition 
of H 2 (1000 psi (-6.9 MPa), 60 *C 24 h) in order 
to reduce the complexes to metallic silver. 1 1 Mass 
increases of 2-10 % were observed, and mean par- 
tide diameters were found to be in the range 20- 
40 nm. 



4.1.2. Chemical Fluid Deposition of Thin Metal 
Films in Porous Supports 
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Thin metal films are important for a wide variety 
of applications involving optics, microelectronics, 
sensors, membranes, and catalysis. Micrometer- 
thick metal films do not have the mechanical integ- 
rity to be freestanding and must be supported in 
some manner. In an extension of studies involving 
the chemical fluid deposition (CFD) of thin metal films on 
surfaces, 1 * 02 * 10 * 1 thin palladium films have been formed wrthin 
porous alumina disks by in-situ H 2 reduction of C0 2 -soluble 
organopalladium compounds. 11051 The film position in the 
disks was controlled by adjusting the relative concentrations 
of H 2 and the palladium precursor (ji-2-methylanyl(cylopen- 
tadienyl)palladium or palladium hexafluoroacetylacetonate) 
on opposite sides of the alumina substrate (see Fig. 12). Palla- 
dium films between 2 and 80 um thick were deposited at pre- 
scribed depths between 80 and 600 um, as measured from the 
metal precursor side. Hie deposition of supported thin metal 
films within the bulk of a porous substrate (rather than on the 
surface) has certain advantages (e.g., the film is protected 
from abrasion and is less likely to suffer from adhesion prob- 
lems). Hydrogen has low solubility in most organic solvents 
but is highly soluble in scC0 2 ,< 106 * 1071 thus facilitating the 
reduction step. This process genuinely exploits the gas-liquid 
"hybrid" properties of scC0 2 : it is solution-based (therefore, 
eliminating precursor volatility constraints) while retaining 
most of the rapid transport properties and conformal cov- 
erages associated with chemical vapour deposition. A poten- 
tial restriction for CFD is that the reduction chemistry must 
proceed readily at low temperatures. 1102 " 1041 



Wl % Pd, A1 2 0 3 

F*. 12. Electron probe microanalysis (EPMA, left) and ^'^^^f^ cot 
Js (ri£h0 of palladium films deposited within porous a-alumma^ by r^^onoMi Lg£ 

oil ifttJ? 06? wt % H^n CO* Note that the more concentrated precursor 

relative concentrations of precursor and Hj. Keproouceu «■"' r- 
American Chemical Society I10S]. 



4.1.3. Supercritical Fluid-Mediated Metallization of 
Mesoporous Silica 

Mesoporous aluminosilicates are important as solid acids 
and ion exchangers.' 108 ' A key requirement in these applica- 
tions is hydrothennal stability. Postsynthesis alominizauon of- 
fers potential advantages over directly synthesized materials 
with respect to accessibility of active Al sites and structural 
ordering, but there arc difficulties to be overcome in obtain- 
ing a uniform distribution of Al throughout the host silica. 
This arises from the fact that the Al is first contacted with the 
outer surface of the host silica during grafting before being 
transported into the internal pore structure, or bulk. The low 
viscosity and high diffusivity inherent to SCFs are ideally suit- 
ed to rapid transport of reagent species into mesoporous sub- 
strates. Fbr example, MCM-41 silica materials have been alu- 
minizedby reaction with aluminium isopropoxide using either 
scCO* or supercritical propane as the solvent (react.on tem- 
perature=40°C for CO* H0 e C for propane).* 1 1 The sam- 
ples were then calcined at 600 °C for 4 h to obtain the Al- 
grafted materials.' 27 ' Al magic-angle spinning (MAS) NMR 
spectroscopy indicated that ca. 40% of the Al in the dry sam- 
ples was tetrahedrally coordinated, increasing to at least 60 k 
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after calcination. Hie samples showed very high stability after 
steaming at 900 °C for 4 h, with both samples retaining 80- 
85 % of their surface area and pore volume, and SO % of their 
acid content. To investigate whether or not there was any spe- 
cific advantage of using the solvents in the supercritical state, 
an Al-grafted material was synthesized under the equivalent 
conditions but using liquefied propane instead of SCF pro- 
pane.* 1091 This material was found to have lower hydrothermal 
stability, suggesting that the SCF route led to better dispersion 
of the AJ, a change in the way that the Al interacts with the 
host silica surface, or a combination of both. 

4.1.4. Growth of Dimensionally Ordered Nanowires within 
Mesoporous Silica 

Nanoscale structures of semiconductor wires are expected 
to play a role as materials in emerging technologies because 
of their unique optical, electrical, and mechanical proper- 
ties, 11101111 Akanethiol-coated gold nanocrystals (2.5 nm diam- 
eter) have been used as uniform seeds for the growth of 
defect-free silicon nanowires from SCF solution. 11121 It was 
found that the orientation of the nanowires could be con- 
trolled by varying the reaction pressure, once again taking 
advantage of the variable density associated with SCFs. More 
recently, semiconductor silicon nanowires have been synthe- 
sized within the pores of surf actant- tempi ated mesoporous sil- 
ica using scC0 2 as the solvent 1 " 3 ' 1141 Diphenyl silane was 
degraded within the pore structure at 500 °C to create silicon 
nanowires. The low viscosity of the SCF phase enabled rapid 
diffusion of the reactant precursor into the mesoporous struc- 
ture. Discrete transitions in the UV-vis absorption spectrum 
suggested quantum confinement effects.* 1141 

4.1.5. Synthesis of Conducting Polymer Foams 

The polymerization of monomers within non-porous SCF- 
swollen polymer hosts to form polymer blends has been 
described for a number of monomer-polymer combina- 
tions. 11 15-1,91 Related techniques have been applied to the for- 
mation of porous composite materials such as foams. For 
example, conducting polypyrrole-polyurethane composite 
foams have been formed by SCF impregnation of polyur- 
ethane substrates with an oxidant, Fe(CF 3 S03) 3 , followed by 
exposure to pyrrole vapor. ,lz0 ~ ml The in-situ precipitation 
polymerization of pyrrole in scC0 2 and in supercritical fluoro- 
form has also been reported. 11231 

4.1.6. Porous Coordination-Polymer Crystals 

Very recently, Kitaura et al. reported the synthesis of 
copper-based coordination polymers that show fascinating 
adsorption behavior for "supercritical gases" such as C0 2 , 
CH4, 0 2 , and N 2 . {t74] In particular, these materials exhibit 
"gate-opening" and "gate-closing" pressures (i.e., the micro- 

Adv. Maier. 2003, IS, No. 13, July 4 htipJ/www.advmat.de 



porous structure is pressure-responsive). Because of the rela- 
tively flexible nature of these materials, the channels can open 
and close reversibly with pressure, Hysteretic adsorption is 
observed because the gas molecules stabilize the porous 
phase. In principle, SCF solvents such as scC0 2 could be ver- 
satile media for the structural modification of microporous 
coordination polymers, although solubility considerations 
(e.g., the relative insolubility of most metal salts and complex- 
es) may restrict the types of reactions that are readily 
achieved. 



4.2. Surface Treatment Porous Materials with trow Surface 
Energy Coatings 

The protection of historical buildings and other structures 
made of stone can be achieved by coating with perfluoropo- 
lyethers. These polymers are water repellent and stable to cor- 
rosive acids, high temperatures, UV radiation, and oxidizing 
agents. The materials are also transparent and colorless, thus 
maintaining the appearance of natural stone. A practical 
drawback is that these materials are not soluble in common 
organic solvents. By contrast, perfluoropolyethers are readily 
soluble in chlorinated fluorocarbons (CFCs) and in C0 2 . 11251 
Perfluorinated polyether coatings have been applied onto sur- 
faces of marble, sandstone, and limestone by spraying from 
solutions in scC0 2 . 11261 Hie penetration depth of the fluori- 
nated coating was found to strongly depend on the mean size 
and porosity of the stones. These results suggest that CO2 
could be used for the application of weather-proof fluorinated 
coatings for which there are no other viable, environmentally 
acceptable alternatives 



5. Conclusions 

This review has shown that there are a number of specific 
benefits that can be derived from the use of SCFs for the syn- 
thesis and modification of porous materials. SCFs are useful 
for the production of microcellular foams, both by expansion 
and by using crystallization or antisolvent phase-separation 
routes. In the case of biocomposite foams, the introduction of 
toxic solvent residues into the final product can be avoided. 
For materials that possess nanoscale pores or features (e.g., 
aerogels, LMOG foams, nanolithographic images), supercriti- 
cal drying can avoid feature collapse due to the lack of capil- 
lary forces. Likewise, templating of nanoscale features and 
surface modification of nanoscale porous structures using 
SCFs holds promise because these solvents penetrate small 
pores more effectively than liquid solvents. Direct gelation of 
SCFs and templating of SCF emulsions are two new routes to 
produce low density porous materials. In the case of chemical 
gelation of SCF solutions, the variable density associated with 
SCFs can be used to fine-tune the resultant pore structure. 
Lastly, all of these processes offer the potential of reducing or- 
ganic solvent usage in the production of porous materials and 
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composites This is particularly important for processes that 
currently use large volumes of organic solvents (e.g. O/W 
emulsions, organic sol-gel routes, suspension polymerization, 
etc) SCF routes to porous materials that exploit more than 
one of these specific advantages are likely to be profitable 
subjects for future research. 
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Abstract: We present several applications of microstructured optical fibers 
and study their modal characteristics by using Bragg gratings inscribed into 
photosensitive core regions designed into the air-silica microstructure. The 
unique characteristics revealed in these studies enable a number of 
functionalities including tunabitity and enhanced rtonlinearity that provide a 
platform for fiber device applications. We discuss experimental and 
numerical tools that allow characterization of the modes of the fibers. 
©2001 Optical Society of America 

OCIS code: (060,0060) Fiber optics and optical commum cations; (060.2Z7U) ni>er 
characterization; (2303990) Microstructure devices; (160,5470) Polymers. 



4. 



6, 



References and Links 

1 p V Kaiser and H/W. Astle, ''Low-loss single-material fibers made from pure fused silica," The Bell 
System Technical Journal, S3, 1021-1039 (1974), rt f 

2 J Broeng, D. Mogilevstcv, SB. Barkou. and A. Bjarklev, "Photonic crystal fibers: A new class of optical 
waveguides," Optical Fiber Technology. 5, 305-330, (1999). 

* J C Knight, T.A. Birks, PS J. Russell, and DM. Atkin. "AU-silka single mode optical fiber with photonic 
crystal cladding," Opt. Lett, 21, 1547.1549,(1996). 

JC. Knight, TA. Birks, R,F. Cre £ aii r P.SJ. Russell, and J.P. Smdro, "Photonic crystals as optical fiber* 

physics and applications,- Optical Materials, 11,143-151,(1999). ^ , 

R.S. Windeler, J.L. Wagener, and DJ. DiGiovanni, "Silica-air microstructured fibers: Properties and 
applications," Optical Fiber Communications conference San Diego (1 999), ^ 
T\A. Birks, J.C Knigfit, and P.S.J. Russell, Endlessly single-mode photonic crystal fiber, Opt Lett. 22, 

7 RF^Sn B J. Mangan, J.C. Knight, TJL Birks, P. S. J. Russell, P X Robert* and D.C. Allan, "Single- 
mode ohotonic band gap guidance of light in air," Science, 285, 1 537-1539,(1999), 

8 7mC K. Furusawa, J C Baggett. NCR. Broderick, and DJ. Richardson, "Sensing 
with microstructured optical fibres « Meas. Sci. and Tech. 12, R54-S58 (2001), 

9. R. Holzwarlh, M. Ztmmerrnann, Th. Udem, T.W. Hansch, P^Russbuldt, 1C Gabel, _ ^ P ^^' 

Knight. WJ Wadsworth, and P.SJ. Russell, "White-light frequency comb generation with a diode- 
pumped CnLiSAF laser," Opt. Lett. 17, 1376-1378,(2001). . 
T A Birks, D. Mogilevstev, J.C. Knight, and P.SJ. Russell, "Dispersion Compensation Using Smgle- 

Material Fibers," IEEE Phot. Tech. Lett, 1 1, 674-676, (1999). 

JK. Ranka, R.S. Windeler, and A J. Stentz, "Optical properties of high-delta air- sihea microstructure 
optical fibers," Opt. Lett. 25, 796-79$, (2000). _ - t 

TM Monro, D J Richardson, N.G.R. Broderick, and PJ. Bennet, "Holey optical fibers: An efficent 
modal model," J. Lightwave Tech., 17, 1093-1 102, (1999). , „ 

J C Knight, T-A. Birks, R.F, Cregan, P.SJ. Russell, and J.P. Sandro, "Large mode area photonic crystals, 
Opt. Lett. 25, 25-27, (1998). 
14 T. Erdogan, "Fiber Grating Spectra," J. Lightwave Tech. 155, 1277-1294, (I??7). 

mode resonances in air-silica microstructure fiber." J. Lightwave Tech., 18, 10S4-1 100, (2UUU;. 
B J Eggleton, P. S. Westbrook, R. S. Windeler, S. Spalter, and T.A. Strasser, Grating resonances in air- 
siitca microstructured optical fibers," Opt Lett. 24, 1460-1462,(1999). 
C. Kerbage, B J. Eggleton, P.3. Westbrook, and R.S Windeler, "Expenmenta] ar^scalarbeam 
propagation analysis of an air-silica microstructure fiber," Opt Express, 7, 1 13-123, (200U), 
hrro://v^vw>oT>ticsexDressore/oearchp vgVsource/22997.htm_ x 
19 PS. Westbrook, B.J Eggleton, R.S. W indeler, A. Hale, TA. Strasser, and G.L. Burdge, "Claddm^Mode 
Resent in Hybrid Potym^ Silica Microstrucucred Optical Fiber Gratings." IEEE Phot Tech. L*tt. 12, 
495-497,(2000). 



10. 
11, 
12. 
13. 



17. 

IS. 



#37441 $15 00 US Received October 31, 2001; Revised December 05. 2001 

(C) 2001 OSA 1 17 December 2001 / Vol. 9. No. 13 / OPTICS EXPRESS 698 



BNSDOCID: <XP 2314590A_I_> 



20. J. K_ Chanda] ia, B. J, Eggleton, It S. Windeler. S. G. Kosin ski, X. Liu, and C. Xu, "Adiabatic Coupling in 
Tapered Air-Silica Microstructured Optical Fiber," IEEE Phot Tech. Lett. 13, 52-54, (2001). 

21. X. Liu. C. Xu, W.H. Knox, J.K. Chandalia, BJ. Eggleton, S.G. Kosinski, and R.S. Windeler, "Soliton 
self-frequercy shift in a tapered air-silica microstructured fiber " Opt. Lett. 26, 358-360, (2000). 

22. C. Kcibage, A. Kale, A. Yablon, R.S. Windeler, and BJ. Eggleton, "Integrated all-fiber vanable 
attenuator based on hybrid microstore ture fiber," App. Phys. Lett, 79, 3191-3 193, (2001). 

23. M.J. Steel, TP. White, C. Martijn de Sterke, R.C McPhedran, L.C Botten, "Symmetry an degeneracy in 
microstructured optical fibers," Opt. Left\26, 4&8-490, (2001). 



1. Introduction 

Microstructured optical fibers (MOFs) [1] are typically all silica optical fibers in which air- 
holes are introduced in the cladding region and extend in the axial direction of the fiber [1-6]. 
These fibers, which have been known since the earliest days of silica light guide research [1], 
come in a variety of different shapes, sizes, and distributions of air-holes. Recent interest in 
such fibers has been generated through potential applications in optical communications [1-8], 
optical fiber based sensing [8], frequency metrology and optical coherence tomography [9]- 
The earliest work reported by Kaiser et at. and shown in Figure 1(a), demonstrated low loss 
single material fibers made entirely from silica. A number of years later Russell and 
coworkers demonstrated the so-called photonic crystal MOF, shown in Fig. 1(b) [6]. These 
fibers incorporate a periodic array of air-holes in the cladding region and guide light through 
modified total internal reflection [4,8]. This advance generated enormous interest in this new 
class of MOFs leading to the first demonstration of a true photonic bandgap MOF by Cregan 
et al. in 1999 [7]. These fibers, shown in Fig. 1 (c), can guide light in a central air-core region 
through coherent Bragg scattering off the periodic array of air-holes [2]. MOFs that 
incorporate an array of air-holes surrounding a very small silica core, as shown in Fig. 1 (d), 
can provide unique dispersion [10] and nonlinear characteristics that have been used to 
demonstrate a number of novel effects, including the generation of a broadband 
supercontinuum and a zero GVD as low as 765 nm[l I ]. 




Hybrid MOF Grating Based Tapered MOF 

Tunable Filter Device 

Fig. L Historical outline of different MOFs (a) Air-silica MOF, Kaiser et at. (1974) (b) 
Photonic crystal MOF, Russell et al. (1996), (c) Photonic ban dgap MOF, Cregan et aL (1999), 
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and (d) Dispersion control MOF, Ranka eteL (!999). (e) Possible device applications based on 
MOFs. 

Most research activities in this field have been concerned with the guidance properties of 
the fundamental mode localized in the core region of these fibers, for example, bend loss, 
cutoff wavelength [6], mode field diameter [ 12], and dispersion [10,12] and have focused on 
potential applications requiring long lengths of fiber where, for example, the fiber provides 
unique dispersion characteristics [111 reduced nonlinearity [13], or broad single-mode 
spectral ranges [6]. 

Another important application that we explore in this paper is the use of MOFs for 
optical fiber devices. In these applications the microstructured cladding region is designed to 
manipulate the propagation of core and leaky cladding modes. The core region can 
incorporate a doped region allowing for the inscription of grating structures and the air-holes 
can allow for the infusion of active materials yielding novel tunable hybrid waveguide 
devices. The resulting hybrid waveguide can be exploited in the design of optical devices* 
such as grating-based filters, tunable optical filters, tapered fiber devices and variable optical 
attenuators. We present a detailed modal characterization of different MOFs with limiting 
characteristics (e.g., air-fill fraction, ratio of propagation wavelength to air-hole diameter and 
air-hole distribution). By inspection of the transmission spectrum of the fiber Bragg grating 
written into the core of these fibers, we obtain a "mapping" of the different modes of the fiber. 
The spectra of these gratings are analyzed and explained qualitatively and compared to 
simulations using beam-propagation method (BPM). We discuss the implications of these 
results in more detail for the design of grating based devices and describe a range of 
applications of MOFs. 

The paper is structured as follows: In Section 2, we present a brief background on the 
propagation of core and cladding modes in optical fibers and how they manifest in optical 
fiber grating devices. We then briefly describe the BPM for computation of waveguide 
properties. In section 3, we present characterization of grating spectra and near-field mode 
distributions for different MOFs. The transmission spectra are analyzed and compared to 
numerical simulations using BPM. In section 4, we demonstrate a number of device 
applications of MOFs including applications to fiber Bragg gratings with reduced cladding 
mode loss, tunable resonant filters, variable optical attenuators and nonlinear devices. 

2, Background 

Fig. 2 shows several MOFs with different geometries of the air-holes. Each fiber incorporates 
a germaniunvdoped core to allow for the inscription of periodic waveguide gratings. In order 
to fully characterize both core and higher order modes, we can examine the transmission 
spectra of gratings written in the core of the MOFs. Fiber Bragg gratings (FBG) and long 
period gratings (LPG) written into the core of such fibers facilitate phase matching to counter 
and co-propagating modes, respectively [14]. When excited, these modes manifest themselves 
as resonant loss in the corresponding transmission spectrum thus providing a modal spectrum 
of the waveguide, revealing effective indices (propagation constants) and mode profiles. As 
we show below these characteristics can be compared to simulations using BPM. 
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Fig. 2. SEMS and photographs of respective MOF (a) high delta MOF (b) photonic crystal 
MOF; (c) grapetniit MOF; (d) air-clad MOF, 

2 J Fiber gratings and cladding mode resonances 

The transmission spectra of a FBG and LPG written in the core of a conventional fiber are 
shown in Fig, 3(a)-(b). Also shown in Fig, 3 t is a schematic illustrating grating induced 
coupling from a guided core mode to higher order modes, which are confined by the glass air 
interface; these are referred to as cladding modes. The sharp resonant loss on the short 
wavelength side of the Bragg resonance in Fig. 3(a) is due to coupling to the counter- 
propagating cladding modes. Similarly, the coupling to the co -propagating cladding modes by 
the LPG manifests as peak loss at a certain wavelength in the transmission of the fiber. 




core 
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Fig 3 (a) Typical transmission spectrum of FBG in standard fibers exhibiting short wavelength 
loss. Each dip in the transmission spectrum is associated with grating facilitated phase 
matching to a counter-propagating cladding mode. The inset shows a schematic of Bragg 
grating in the core of a conventional optical fiber. Fig. 3. (b) The corresponding transmission 
spectrum of LPG. 

A simple description of the core and cladding modes can be obtained through 
inspection of the transmission spectrum of a FBG written into a photosensitive core of a 
MOF. The effective index of the fundamental mode localized in the core region (* co ) can be 
determined using the Bragg condition ^^oAra [1 5], where K FBG is the period of the FBG. 
The effective indices of the cladding modes <n<W can then be determined using the phase 
matching condition for a cladding resonance: fey +A/ =2nfA F BG, where |Wj is the 
propagation constant of the rth cladding mode propagating in the opposite direction to the 
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fundamental LPqi with propagation constant The phase matching condition is then given 
by: 

k FBG,i = ("cq + n cl*dj ) A FBG < 1 > 

The effective indices obtained from inspection of the FBG spectrum can be used in the design 
of LPGs, which couple the fundamental core mode to co-propagating cladding modes. For the 
co-propagating grating couplers the phase matching condition can be written as, 

X LPGJ =t n co '"clad J ) A LPG - < 2 > 

where %lpgj is the resonant coupling wavelength and Aipq is the period of the LPG. 
Neglecting chromatic dispersion of the core and cladding modes, the LPG resonance 
wavelength is then proportional to the wavelength interval between the Bragg resonance and 
the I th cladding resonance in the FBG [16] : 

^LPG A FBG 

where AAi=AB-*«iad,i is the difference between the fundamental Bragg resonance (given by the 
Bragg condition) and the wavelength of the i* cladding mode resonance. Predicting the peak 
intensities of the experimental grating spectra, however requires detailed knowledge of the 
modal distributions and use of coupled mode theory. 

For uniform gratings (constant index modulation and grating period), which we consider 
in this paper, the transmission coefficient at the peak of the nth resonance is given by: 

T ( =l-tanh 2 (jc J x) (4) 

where L is the length of the grating [15] and k> is the coupling coefficient between the core 
and cladding mode i [15] . The spectra consist of the contribution of each mode at wavelengths 
determined by the modal composition, multiplied by a grating dependent shape factor. 

2.2 Beam propagation method applied to MOP 

The BPM provides a simple intuitive method of determining the modal spectrum and modal 
profiles for complex waveguides. The beam-propagation correlation method has been used 
extensively in the study of complex waveguides and is particularly well suited to computing 
mode evolution in waveguides that vary in the longitudinal direction and in geometries where 
leaky modes are important [16]. This latter point is of particular interest in this work where 
we consider the propagation of leaky modes in the claddings of different MOFs, Briefly, the 
BPM correlation method, summarized schematically in Fig. 4, propagates a launched Field 
profile within a waveguide. The propagation of the field along the z direction through a 
transverse guide can be written as: 

E(x t y,z)=%a i E i (x t yy lP£Z (5) 

where for each mode i 9 Ei(x,y) is the transverse modal profile, a* is the amplitude strength of 
each mode, and # ~2krk is the wave vector in the propagation direction z. 

The correlation function computes the initial launched profile and the profile at each 
z value given by: 

P(z)= fE{x,y,Q)E*{ X ,y y z)dxdy (6) 
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Fig. 4. Launch mode field along MOF structure (a) the correlation function and (b) its Fourier 
transform revealing the effective indices of the modes. 

The BPM computes this function, E(x t yz) y for all z given only the initial starting field 
Efay.O) and the refractive index profile of the waveguide 

E(x, jy,o) - An(x t y)Z C ore ( x > >0 (7) 

where An(x t y) is the grating index profile [16]. 

This propagation is accomplished without a priori knowledge of the modal 
decomposition, however; the propagation contains al! the information about the modes. Here 
the strengths on within the launched profile are identical to the coupling constants fc) 
necessary for a coupted mode analysis. 



a ( = lE i {x i y)\n(x 9 y)E core (x,y)dxdy^^^ i 



where the relative intensities of the Fourier transformed peaks determine the squares of the 
coupling coefficients. 



3. Modal characterization 

By examining the transmission spectrum of a FBG written into an MOF, we expect to 
gain insight into the guidance properties of the core and cladding modes and to correlate these 
properties with calculations of the cladding mode fields using BPM. The experimental setup 
is shown in Fig. 5. A 1550 nm tunable source is launched into the fiber with a FBG written in 
the core, using a lOx microscope objective and a beam-splitter When the wavelength of the 
incident light satisfies the Bragg conditions, different counter-propagating cladding modes, 
are excited; facilitated by phase matching provided by the FBGs. Light reflected off the FBG 
is imaged in the near field on an 1R camera using a 40x microscope objective. When 
capturing images of the reflected mode-field the far end of the fiber is placed in index- 
matching gel so as to minimize back reflections. 
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Fig. 5, Experimental setup used to characterize near field images for respective air-silica 
MOFs. Bragg grating selectively excited counter -propagating "cladding modes" which are 
imaged in the near field on the VIDECON camera. 

5. 1 Photonic crystal fiber 

Fig. 6 shows a cross section of the "photonic crystal MOF" and the transmission 
spectrum of a FBG written in its core. The fiber was designed with a sufficiently small 
photosensitive gerrnaniunvdoped core such that it would appear as a small perturbation on the 
guided modes of the fiber but contain sufficient germanium to write a grating- The core radius 
is ~lp.m and A=(n COTt -n cla d)/n C ore~0*5% > where and ridad are the retractive indices of the 
gcrmaniumdoped core and silica claddings respectively. The core is surrounded by a 
hexagonal array of holes in a silica matrix with an air-hole diameter d~2u.m and spacing 
A~10u,m extending to a radius *-60\xm t corresponding to 7 layers. This MOF guides by total 
internal reflection and satisfies the criterion provide in Ref. [6 J for being endlessly single 
mode. In particular the fiber should support only one single bound mode in the 1.5u\m 
wavelength regime. 

Effective index 
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Fig. 6. (a) Measured transmission spectrum of FBG written in photonic crystal MOF (solid 
line), calculated modal spectrum (dashed line). Light form the near field images reflected ofT 
FBG when the tunable laser wavelength is tuned to: (ab 1 549.1 96nm, corresponding to the 
resonance labeled "LP W "; and (c) 1 546.990nm corresponding to the resonance labeled "LP w". 
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The solid line in Fig. 6 (a) is the measured transmission spectrum of the FBG, The 
dashed line is the computed modal spectrum. The right vertical axis is the mode overlap, 
defined in Eq.8, and calculated using BPM assuming symmteric launch conditions. Note that 
a number of discrete resonances appear in the transmission spectrum of the FBG indicating 
excitation of higher order modes propagating in the PCF, apparently contradicting the single- 
rnodedness of the PCF. In fact, these higher order modes correspond to leaky cladding modes 
that are quickly dissipated upon propagation. The cladding modes of this PCF, have effective 
indices below that of silica, and are stripped off by the high index outer silica region and that 
there is negligible coherent feedback from the outer silica air interface [16,17]- The measured 
and calculated mode profiles for the lower order cladding modes LPo* and LP04 are shown in 
Fig- 6(b) and (c) respectively. The shape of these modes reveals the hexagonal symmetry of 
the lattice and that most of the energy is confined in the inner few rings or holes. Simulations 
confirm that these modes have a relatively high propagation loss and complex propagation 
constants [17], The energy of the modes tunnels between the air-holes into the cladding and is 
Tevealed as loss (-2 dB/cm) as depicted in the simulations (see inset in Fig. 6), these are thus 
leaky modes. 

3.2 "Grapefruit" Af OF 

Fig. 7(a) shows the experimental transmission spectrum and the corresponding mode images 
(bottom) of a MOF ("grapefruit" MOF) with six large air-holes surrounding an inner cladding 
region of -30 um in diameter. A Bragg grating with a period of 0,5 (im was written in the 
germanium core of diameter 8 |im and A=((ni-n 2 )/ni) - 0.35%, where nj and r& are the 
refractive indices of the germanium core and silica cladding, respectively. The first peak on 
the right side of the transmission spectrum, labeled A in Fig. 7, corresponds to excitation of 
the backward propagating core mode. The other resonances on the shorter wavelength side of 
the main peak correspond to coupling to higher order cladding modes. Only the four lowest 
order-cladding modes (labeled B, C, D and E) in the transmission spectrum of the MOF are 
surrounded by the holes and their propagation is governed by the total internal reflection at 
the interface of the cladding-holes. Higher order mode (F) spreads throughout the fiber 
through the interstitial region in the cladding between the holes [18]. Also note that the 
cladding mode resonances are spaced farther apart in wavelength due to the reduced inner 
effective cladding of the MOF. As the inner cladding diameter decreases the cladding mode 
spacing increases. We return to this point further below. 
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Fig. 7. (a) Part of transmission spectrum of FBG written into the core of the grapefruit MOF 
(solid line) with the corresponding observed near field images of light reflected off FBG when 
the laser was tuned to (A) 1553.96hm (the LP m mode); (B) 155239nm (l-Pm); (C) 1550.B4nm 
(LP«) mode; (D) 1547.82nm (LP<n mode); (E) 1547.36nm (LPos mode); (F) 1535.82nm, and 
(b) calculated modal spectrum of the grapefruit MOF (dashed line) and its corresponding 
simulated modes. 

Fig. 7 (b) shows the simulated mode spectrum and the simulated mode profiles using 
BPM (top). The simulated plot reveata the values of the relative power, which is related to the 
overlap ratio between the core and each of the excited modes, versus wavelength. The profile 
and the distribution of the energy of the modes are in good agreement with experiments and 
are clearly affected by the presence of the holes. The circular shapes of the modes of a 
conventional fiber are lost in this MOF. Instead the images exhibit symmetry of the air-hole 
geometry. The optical devices described further in this paper exploit lower order cladding 
modes that are predominantly confined to the inner cladding region. 

4. Applications 

The unique characteristics revealed in the above mentioned studies enable a number of 
functionalities including tunabiliry and enhanced nonlinearity that provide a platform for fiber 
device applications. 

4 J Reduction of cladding mode loss in optical fiber Bragg gratings. 

Cladding mode resonances are exploited in the design of FBG [16] and LPG [17] devices. In 
the case of LPGs these cladding modes are exploited in the design of band-rejection filters for 
flattening of optical amplifiers. In the case of a FBG the cladding mode loss is often regarded 
as a nuisance where the short wavelength loss reduces the usable bandwidth. As described 
above the microstructured cladding region manipulates cladding mode propagation. This 
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manifests in the spectral characteristics of optical fiber gratings, as is evident in Fig. 7. When 
the microstructured cladding region creates an inner effective cladding the fiber resembles a 
fiber with a reduced cladding diameter. We show that in such fiber the cladding mode loss can 
be reduced significantly. 




1495 1500 1505 

Wavelength (nm) 



Fig. 8. (a) Transmission spectrum of FBG written into the core of the MOF (b) photo of the 
inner region and (c) schematic diagram 

Fig. 8(a) shows a photo and schematic of a high-delta microstructured optical fiber 
that was designed to suppress cladding mode loss in a FBG MOF. This fiber incorporates five 
air-holes that are placed very close to a Germanium doped core. A length of the fiber was first 
loaded with deuterium to enhance the photosensitivity of the germanium region that and then 
was exposed using 242nm through a conventional phase mask with a period of 

075fim where A F bg^K^2. This produced a peak index modulation of An~10' . The 
transmission spectrum of the FBG is shown in Fig. S(b) where the Bragg resonance is at *b- 
1504 nm. The effective index of the core mode is then determined to be n^~1.405. Note the 
absence of any significant cladding mode loss for wavelengths shorter than the Bragg 
resonance. Because of the small effective inner cladding diameter of this fiber, the cladding 
modes are offset significantly from the Bragg resonance. 

The computed modal spectrum using BPM, shows a core mode with an effective 
index of n^l.405, in good agreement with the experimental measurements described above, 
and indicates a second mode of the inner cladding region with an effective index of n^fX.IS. 
Indeed the difference between the lowest modes of the inner cladding region is A*~l 0%, and is 
much larger than the core-cladding index step in standard fiber; it exhibits similar modal 
properties to a step-index fiber with A-30%. The corresponding cladding mode spectrum in 
this fiber is thus offset from the Bragg resonance by as much as SOnrn, consistent with the 
measured grating spectra shown above. These cladding modes (with n e fl>n coie ) have negligible 
spatial overlap with the grating in the central core region and thus are not excited by 
interaction of core guided light with the grating. 

4.2 Hybrid tunable optical fiber waveguides 

Active materials, such as polymers, can be infused into the relatively large air-holes of the 
grapefruit MOF. Fig. 9(a) shows one end of the fiber immersed in a reservoir of material and 
sealed on the other end where vacuum is applied. The materia! then can be introduced into 
the air-holes of the fiber as shown in Fig. 9(b). In our case, the material is an acrylate 
monomer mixture (viscosity -30 centipoise), which was infused into the air-holes at a rate of 
0.03 cm/sec and was UV-cured for about 15 minutes to form a polymer with a desired 
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refractive index The refractive index of the polymer (n p 
than that of glass (n 5 nica) sketched in Fig. 9(c). Since the 
the presence of the air-holes, mode guidance in the cladding 
by changing the hybrid waveguide temperature by 10*50' 



) has higher temperature dependence 
oindarnenta! mode is not affected by 
can be strongly affected simply 
[19]- 
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Fig. 9. (a) Schemaitc drawing of material (polymer) inruse< 
Picture showing material in the air- holes of the fiber, (c) " 
silica dependence on temperature. 



in the air-holes of the MOF. (b) 
Retractive indices of the polymer and 



43 Tunable grating filters 

When polymer is infused into an MOF with a LPG writtej \ 
may be wavelength shifted and also suppressed entirely through 
shows a cross section of such a fiber with the infused 
conventional Ge -doped core. 
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Fig. 10, (a) Photo of hybrid polymer air-silica 
diagram (b) Spectrum of LPG in hybrid polymer- silica fiber 
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LPG written into the hybrid MOF. 



Fig. 10(b) shows the transmission spectrum of an 
The LPG is first UV written in the waveguide, then the polymer is infused into the air regions 
and U V cured to form the hybrid waveguide at the gratit g. The LPG resonance shows over 
lOOnm of tunability, 10 times more than in a standard LPp. The tunability results from both 
the high temperature dependence of the polymer refractive index and the geometry of the 
microstructure. | 

AfteT polymer infusion into a LP G at room temperature, the cladding resonances have 
been completely suppressed, indicating that the waveguide defined by the polymer cladding 
interface has become very lossy. The polymer refractive index decreases with increased 
temperature, while that of silica increases. Moreover, the polymer refractive index varies 
about 10 times as fast as that of silica. Therefore, as the temperature increases, and the 
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polymer index drops below .hat of silica, ihe waveguide defined by the mner V°%™f £ 
interface becomes guiding. The large tuning range is due to the geometry of the 
microstore became it creates a small inner cladding whose cladding !^*™«%™% 
Sr?c wavelength spacing. Because the phase shift upon total internal reflection ,s 
proportional to the spacing, the tuning range is enhanced. 

4.4 Tapered MOF 

Another interesting characteristic of MOFs is that they allow for both the group velocity 
ispers on Sd the mode field diameter to be controlled. This can be exploited ,n a range of 
SS^^licrt.... including compensating chromatic dispersion [1 1] and 
designs with very small effective area for enhanced nonhnear interactions [121 • MAough 
fhe f fibe« exhibit interesting and attractive properties, they have several prac ical 
difficulties, such as coupling light into the small core. Here we de ™!«™ «2SE 
counling into an MOF, which has been tapered to very small diameter sizes and exhibits 
s3l d spe^n characteristics to previous work [201. Furthermore because of the 
supporting cladding region, the tapered MOF is mechanic vJly *J 
tapered conventional fibers that have demonstrated s.mii.t nonhnear effects [11], and also 
exhibit negligible sensitivity to external index, potentially allowing for packaging. 

Fig 1 1 shows a schematic of the tapered MOF device and the evolution of the 
computed and observed fundamental intensity mode profile of the MOF. The 
^apefruh fiber is well matched to standard single-mode fiber, ensuring low loss due to 
splicing << 0.1 dB) [20.21]. 
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Fie 1 ! (a) Schematic of the tapered MOF to lOum with calculated and observed cross- 
sectional ^teasiry plots of the mcSe field at different points along the taper, (b) Packaged 
tapered MOF device. 

The fiber is tapered by heating and stretching in a flame to reduce the outer diameter while 
maintaining the same cross-sectional profile. The flame temperature ,s chosen^ such that the 
Tholls do not collapse, ensuring that the fiber cross section does not change throughout the 
uner The MOF can be tapered down to less than 10 Jim in outer^iameter with a ^waist 
X of 20 an Tapering of the MOF is adiabatic so that the fundamental mode evolves into 
h^Cdamental mode offce central silica region with low loss (<aidB) 
bv the ring of air-holes. Because the mode is confined within the a.r-nng, the total fiber 
SLmeter can be maintained at an acceptable level, which increases robustness and allows for 
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packaging as shown in Fig. 11(b), In addition, the fundamental mode is guided in the 
gerrnamurrvdoped core after adiabattc expansion, allowing for splicing to standard fibers. 

4,5 Enhanced nonlinear interactions 

Tapered MOF provide an ideal structure for demonstrations of dramatic nonlinear effects. 
Laser pulses at 1 .3 p.m generated by a femtosecond Ti-sapphire pumped optical parametric 
oscillator were free-space coupled into the un-tapered portion of the MOF and then 
propagated through the taper. Tunable self-frequency shifting sotitons were generated over 
the important communications windows from 1 .3fim to 1 .65 \im with input pulse at 1 .3|im 
[2 J]. As the light propagates through the MOF the light is continually shifted towards the red 
due to intrapulse Raman scattering, which transfers the energy of the high frequency part of 
the pulse spectrum to the low frequency part, we observe 60% of the input photons being self- 
frequency shifted. The soliton wavelength can be tuned from 1.2 to 1.8 u\mby adjusting the 
input power. These dramatic results are possible because the fiber exhibits a large anomalous 
dispersion over a wide wavelength range as shown in Fig. 12, which ensure that the pulse is 
stable against motivational instability at high peak intensities. These dramatic nonlinear 
effects confirm the adiabaticity and low loss of the taper. 
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Fig. 12 (a) Dispersion and intensity plots along the taper calculated at wavelength 1.5 fim. 
(b) Group velocity dispersion as a function of wavelength for different diameters in the waist 



4.6 Variable optical attenuator microstructure fiber device 

In this section we present a tunable all-fiber optical device based on an MOF that exploits the 
temperature dependence of the refractive index of a polymer incorporated into the air-holes of 
the MOF, which has been tapered. The fiber design enables efficient interaction between 
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tunable materials with the propagating mode field thus permitting a range of different 
functionalities [22]. Here we demonstrate an electrically tunable attenuator device (loss- 
filter), which is fully integrated, packaged and spliced with about 30 dB dynamic range, 
insertion loss of less than 0.8 dB, and minimal polarization dependence. 

Fig. 13 shows the schematic of the MOF fiber used in the modulation device. As 
mentioned before, the lowest order mode of the fiber is guided in the germanium doped core 
of the fiber by total internal reflection at the core -cladding interface and is unaffected by the 
presence of the air voids in the cladding. 




Fig. 13 (a) Schematic diagram of the all-fiber variable attenuator device based on tapered MOF 
and (b) mode profile evolution along the fiber. 



In order to achieve an efficient field interaction between the core mode and the air 
voids, the fiber needs to be adiabatically tapered Again, the fiber is heated and stretched such 
that the fiber diameter is decreased while the cross-sectional profile remains approximately 
the same. As shown in Fig. 13, by tapering the fiber down to small diameter sizes, the core 
diameter decreases and becomes extremely small. The core mode spreads into the cladding 
region where it is confined by the air-hole interface* In the waist of the tapered fiber, the 
waveguide resembles a very high-delta fiber (A~35%) similar to a glass rod surrounded by air. 
The large modal field interaction with the surrounding air voids in the waist of the fiber 
makes the core mode very sensitive to any index change at the air-holes -cladding interface. 
Tunable refractive index materials, such as polymers, with a thermal coefficient that is an 
order of magnitude larger than that of silica may be introduced into the holes and will affect 
the guiding mechanisms of light in the optical fiber. 




Fig. 14 Index cross-sectional profile in the waist of the fiber (a) with no polymer and with 
polymer of index (b) lower (n p ~! ,42), (c) same as (n P =L44) and (d) higher fa,=1 .5) than that of 
silica. The corresponding calculated intensity cross sectional mode profile are shown at (1) 2=0 
cm, (2) z=lcm and (3) z=2 cm along the length of the waist 

Fig. 14 shows the cross sectional index profile for different values of polymer 
refractive index, and the corresponding calculated mode field cross-sectional intensities, 
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calculated using BPM. The outeT diameter of the waist of the taper is 30 Jim with 
corresponding inner diameter of -8 um. The simulation includes absorption losses in the 
polymer of 0.2 dB/mm [19]. Fig. 14(a) shows the device when no polymer infused in the air- 
holes and the mode field propagates in the fiber without any change. Fig. 14(b>(d) show the 
corresponding waveguide index profiles and the associated intensity mode profiles for the 
case when the air-holes are infused with polymer of varying refractive index. If the index of 
the infused polymer is lower than that of silica (n p =l .42) as shown in Fig. 14(b), the mode is 
confined in the cladding by total internal reflection, and only a small percentage of the optical 
field will be in the material. In this case the mode propagates through the taper with minimal 
loss. On the other hand, if the index of the material is close to that of silica, as shown in Fig. 
14(c) (n p =l.44) or higher than that of silica (n p =1.5), as in Fig. 14(d), the mode field will 
refract into the high index medium, resulting in dramatic loss and attenuation for the 
propagating mode, exacerbated by material losses of the polymer and interstitial region 
between air-holes, which results in leakage of modes. 



refractive index 
1.42 1.41 1.40 1.39 




Temperature (C) 



Fig. 15 Transmission (output) of the tapered micros tructurc fiber plotted in dB scale as a 
function of temperature and refractive index at 1 550 nm. 

Fig. 15 shows both the experimental (dots) and simulated (circular) plot of the 
transmission through the fiber as a function of temperature (bottom axis) and corresponding 
polymer refractive index (top axis) at 1550 nm. The attenuation of the device varies from - 
30dB to -0.8dB with the highest insertion loss occurring at the lowest temperature. The 
circular dots in Fig. 14 represent the results of numerical simulations using BPM. The 
simulated waveguide, defined by the geometry and the index profile, closely matches the real 
cross section and dimensions of the tapered fiber. A Gaussian beam profile centered on the 
core axis was launched into the structure. The simulated results are in very good agreement 
with the experimental measurements. The measured PDL was less than 0.5 dB, which may be 
attributed to the material absorption and irregular boundaries that vary along the tapered fiber, 
between the cladding and air-holes. We note that microstructured fiber exhibits fcfold 
rotational symmetry and is expected to exhibit very low birefringence and thus minimal PDL 
[23], The wavelength dependence of the device is about 0.3 dB over a range of 30 nm (1530- 
1560 nm). The maximum power consumption is 375mW, corresponding to about 2V of 
applied voltage. Even though the fiber is tapered to a small diameter size, the device is robust 
and easily packaged with very low loss. 



#37441 - $15.00 US Received October 31, 2001; Revised December 05, 2001 

(C) 2001 OSA 17 December 2001 / Vol. 9, No. 13 / OPTICS EXPRESS 712 



3NSDCOD: <XP_ 



_2314$90A_I_> 



5. Conclusion 



In summary, we have presented different device applications of MOFs and we have reviewed 
mode propagation in these MOFs . By inspection of the transmission spectra of FBG and LPO 
written in the core of the MOFs, we obtain knowledge of the optical properties of higher order 
modes that are unique to the geometry of the microstructure fiber. The mode profiles and 
guidance properties of these modes are measured experimentally and calculated using BPM. 
By gaming insight into the properties of these modes, we demonstrate fiber designs whose 
characteristics are unique providing a platform for future photonic devices. 
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the voids in the colloidal crystal film-substrate system, we carefully peeled the 
crystal films off the gold substrates with adhesive tape, and subsequently 
imaged the peeled lower surfaces of the crystal films using SEM and AFM. 
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Incorporation of Proteins into Polymer Materials 
by a Novel Supercritical Fluid Processing 
Method** 

By Michael S. Watson, Martin J. Whitaker, 
Steven M, Howdle* and Kevin M. Shakesheff 

Considerable advances have been made in tissue engineer- 
ing since the advent of the field in the early 1990s. 11 - 21 One of 
the challenges faced by researchers in this field, and in phar- 
maceutical science in general, is that of supplying drugs, nutri- 
ents, hormones, growth factors etc. to well-targeted locations 
in the body, 13 ^ 81 and specifically to cells growing in the interi- 
ors of tissue engineering scaffolds. 19-131 Recently, the use of 
supercritical carbon dioxide (scC0 2 ) to enable the mixing of 
dry powders of thermally and/or solvent-sensitive biological 
factors into biodegradable polymers has been described- 11 
These techniques yield porous or particulate devices capable 
of the sustained, controlled release of the factor. However, 
these methods are not appropriate when very low loadings of 
the biological factor are required, because the dry powder 
cannot be handled and mixed on the nanogram scale. This is a 
major limitation for growth factors and other biotechnology 
drugs where therapeutic concentrations are often of the order 
of parts per billion. 117 ' 181 Therefore, we have developed a new 
solution-based process to enable accurate and efficient han- 
dling of therapeutic quantities of proteins while retaining the 
manifold advantages of supercritical fluid processing. 11 * 201 

Avidin tagged with rhodamine was used as a model protein 
for confocal microscopy studies of protein distribution. Avi- 
din-rhodamine solutions of 10 and 1 ^gmJL" 1 were prepared 
using distilled water, and 0.5 mL aliquots were pipetted onto 
the poly(DL-lactide) (PLA) scaffolds. Control scaffolds with- 
out any protein addition were also prepared. All the samples 
were freeze-dried for 48 h, leaving the avidin-rhodamine on 
the surface. 

From these dried samples, one scaffold from each of the 
protein concentrations was removed to act as a single positive 
control. The remaining samples were then reprocessed in 
scCOa using the same procedure as described in the experi- 
mental section. At each stage of the procedure, representative 
samples were sectioned, gold coated, and their pore structure 
examined by scanning electron microscopy (SEM). The pores 
are interconnected and a bimoda! distribution was observed, 
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with larger (-300-600 jim) and smaller (-10-20 \im) diame- 
ter pores Mercury intrusion porosimetry confirms the pres- 
ence of the smaller pores. The larger pores are not detected, 
but are clearly visible by SEM. These findings are very similar 
to those reported previously in PLA-C0 2 systems. 114 153 Poros- 
imetry data also confirmed that the total pore volume for 
these samples lies reproducibly in the range of 60-70%. The 
larger pores were not observed in other foamed polymer 
systems.* 21 * 22 ! 

Sectioned specimens were studied by confocal microscopy 
using a Leica TCS4D system with a Leica DMRBE upright 
fluorescence microscope and an argon-krypton laser. The 
red fluorescence of tetramethylrhodamine isotbiocyanate 
(TRITC) avidin-rhodamine was excited with the 568 nm laser 
line. 

For the activity studies, samples were prepared by adsorb- 
ing 100 \iL of 250 mgcnT 3 aqueous solution of ribonuclease A 
onto PLA powder, and freeze-drying for a period of 48 h 
before processing as above. Hie enzyme was released from 
the scaffolds into a tris(hydroxymethyl)aminomethane (Tris) 
buffer solution (pH 7.13) at 37 e C for 15 inin. The activity of 
the enzyme after processing and release from the scaffold was 
monitored by measuring the rate of conversion of a ribonu- 
ctease-specific substrate, cytidine-2',3'-monophosphate f to a 
form that could be detected spectrophotometrically. The ac- 
tivity was normalized to the total amount of protein present, 
determined by Coomassie protein assay. 

Figure 1 (upper) shows a schematic of the supercritical fluid 
process. Concentration profiles of the fluorescent avidin-rho- 
damine complex are shown after the freeze-drying step and 
after supercritical C0 2 reprocessing. Following the initial 
freeze-drying, fluorescence is localized at the exposed sur- 
faces of the scaffold, i.e., the top surface and the walls of 
pores. After supercritical CO2 reprocessing, the complex is 



now uniformly distributed, and the resulting fluorescence is 
homogeneous throughout the sample. 

The schematic is supported by data from confocal microsco- 
py. On the left are eight images from the sample immediately 
after freeze-drying. These follow the edge of a pore from the 
top surface to a depth of 77.4 ujn. The images show that fluo- 
rescence intensity decreases with depth from the top surface 
except for a narrow region at the edge of the pore, indicating 
that the complex is localized on the surfaces. The series on the 
right depicts a sample that was reprocessed in supercritical 
C0 2 . The series follows the edge of a pore to a depth of 
82.5 Jim. In contrast to the unprocessed scaffold, fluorescence 
is clearly observed throughout the scaffold with appreciable 
intensity detected in both the bulk of the polymer and at 
the pore surfaces. The porosities obtained for the control and 
re-processed scaffolds were found to be comparable. 

Ribonuclease activity was measured after release into Tris 
buffer solution from scaffolds, after processing in scC0 2 
(Fig. 2). The rate of conversion of cytidine-2'^-monophos- 
phate to cytidine-3'-phosphate was measured by the change in 
absorbance at 284 nm. The black circles (samples) represent 
the activity of the enzyme compared to the standards (open 
circles). The mean recovery of activity was 100.8±9.8 %, indi- 
cating that enzyme activity is retained throughout the process. 
The correlation between sample and standard activity is high 
(K 2 = 0.9959). 

Figure 3 displays the protein release behavior as a function 
of time. Where the protein has been dried, i.e., adsorbed onto 
the polymer scaffold without a second supercritical fluid 
(SCF) processing step, the protein is released very quickly, 
with nothing remaining after two days (black triangles). In 
samples that have been subjected to the SCF reprocessing 
step, the release is far more protracted. After an initial 
"burst" phase (0-1 days), the rate of release stabilizes for 
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Fig, 2. Recovery of ribonuclease A activity after double processing in scCO?. 
Samples: black circles, standards; open circles. Error bars ± 1 standard devia- 
tion. The scC0 2 does not denature the enzyme. 
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Fig. 3. Ribonuclease A release in Tris buffer (pH 7,13) 37 °C from PLA scaf- 
folds after double processing. N = 3. Error bars =±1 SD (black circles). Percent- 
age release of ribonuclease compared to the total dose adsorbed onto PLA 
powder. N « 4. Error bars = ± 1 SD (black triangles). Note thai after scC0 2 pro- 
cessing the release profile is significantly improved. 



approximately three weeks, before degradation of the poly- 
mer matrix allows the protein to escape. The profile then 
follows a rectilinear relationship until the exhaustion of the 
protein after approximately 80 days. 

We have combined conventional solution and supercritical 
fluid processing to prepare porous tissue engineering scaffolds 
that contain biologically active material for controlled release. 
This combination allows the accurate dosing of the biological 
agent whilst retaining the advantages of supercritical fluid 
technology i.e., a very clean route to porous materials. We 
have also demonstrated the retention of biological activity 
throughout the SCCO2 processing using the enzyme ribonu- 
clease A, with 100 ±9.8% activity after processing. The scaf- 
folds control the rate of protein release with kinetics typical 
of other PLA systems. The significant attraction of this new 
technique is that there is no exposure at any stage of manufac- 
ture to either raised temperatures or organic solvent. Addi- 
tionally, a wide range of alternative morphologies including 
microparticles may be accessed simply by controlling the 
method of depressurization. 



Experimental 

Materials: The first step in our novel processing was to prepare a high surface 
area polymer substrate by grinding the polymer into a fine powder. Subsequent 
processing used supercritical CO z to prepare porous scaffolds. Scaffolds and 
powders were prepared from a commercially sourced poly(DX-Uctidc) (PLA) 
(Alkermes Medisorb, low inherent viscosity (l.V.) Af w = 85kD, polydisper- 
s4ty — 1 .4) used without further purification. Food grade carbon dioxide (BOC) 
was supplied to a stainless steel autoclave through stainless steel piping using a 
PMtOl pump from NWA, Germany. Sigma UK supplied avidin-rhodamine 
protein conjugate and ribonuclease A. Tris buffer (pH7.13) comprised 25 mM 
tris(hydroxymelhyl)aminomeUiane. 25 mM sodium chloride, and 25 mM hydro- 
chloric acid. 

Scaffold preparation-. Porous scaffolds were prepared in moulds prepared 
from 48-well tissue culture plates (Costar, USA). I2xl00±l mg PLA were 
weighed out into the mould, which was then sealed inside the autoclave. The 
autoclave was heated to 35 *C before filling with COi over 30 min to a pressure 
of 207 ±2 bar. This filling time minimizes the potentially detrimental effects of 
excessive Joule-Thompson heating on the biologically active substrate as the 
system is pressurized, white the high pressure minimizes the formation of a 
non-porous "skin" on the outside of the scaffold ]23]. The polymer-CO^ mix- 
ture was allowed to equilibrate for 20 min before venting to atmospheric pres- 
sure over S min. The pressure was controlled throughout the preparation using 
a JASCO BP-1580-81 programmable backpressure regulator. The autoclave 
Lemperaiure remained below 38 °C throughout ihe filling step, and the flow rate 
of C0 2 during the equilibration step was 12 cm* min" 1 . After the initial scCOj 
processing, the mould containing the foamed polymer scaffolds was removed 
from the autoclave and the residual gas allowed to escape for 2 h. Studies in 
our laboratories have shown this to be sufficient time for the complete release 
of dissolved CCh- 
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Propagation of Cold Atoms along a Miniature Magnetic Guide 
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D. J, Richardson and P. G. Kazansky 
Optoelectronics Research Centre, Southampton University, SO 17 1BJ, United Kingdom 

(Received 4 October 1999) 

A cloud of laser-cooled S5 Rb atoms is coupled through a magnetic funnel into a miniature waveguide 
formed by four current-carrying wires embedded in a silica fiber. The atom cloud has a '-100 /Am radius 
within the fiber and propagates over cm distances. We study the coupling, propagation, and transverse 
distribution of atoms in the fiber, and find good agreement with theory. This prototype demonstrates the 
feasibility of miniature guides as a tool in the new field of integrated atom optics, leading to single-mode 
propagation of de Broglie waves and the possible preparation of ID atom clouds. 



PACS numbers: 03,75.Be, 32.SO.Pj, 39.10.+J 

There is widespread interest in guiding cold atoms [1,2]. 
For atom lithography, the goal is to dispense precise quan- 
tities of atoms onto specific regions of a surface [3]« In 
atom optics, the guide can be a "hosepipe " delivering large 
quantities of atoms to an inaccessible region, or it can be 
a "single-mode fiber" permitting coherent propagation of 
de Broglie waves for applications such as interferornetry 
[4] or integrated atom optics T5-7]. In statistical physics, 
a quantum guide for atoms permits the study of degenerate 
quantum gases in ID. Here one might realize a Tonks gas 
of bosons whose elementary excitations obey Fermi statis- 
tics or observe Luttinger liquid behavior with correlation 
functions that decay algebraically [8]. 

In several previous experiments [9], cold atoms have 
been guided inside hollow optical fibers where optical 
dipole forces confined them on axis. With this approach 
it is a challenging problem to avoid heating the atoms 
through intensity fluctuations and spontaneous emission. 
Confinement by static magnetic fields provides an alter- 
native. On the macroscopic scale, magnetic guiding has 
been demonstrated using arrangements of permanerit mag- 
nets [10] and along the side of a current-carrying wire [1 1 j. 
Here we report on a miniature magnetic quadrupole guide 
in which we observe an atom cloud of 100 /am radius 
propagating for several centimeters [12], We study the 
motion of atoms in this guide and we discuss the prospects 
for achieving single-mode de Broglie wave propagation. 

Our guide is illustrated in Fig, 1 . The supporting struc- 
ture is a 25 mm-long silica tube fabricated by the Opto- 
electronics Research Centre at Southampton. Five parallel 
holes, each of radius R = 261(5) jim, run through the 
length of the tube parallel to the vertical z axis. Four of 
them intersect the (x, y) plane on the corners of a square 
at (±a,±a), with a = 522(10) ftm. These contain cop- 
per wires which carry a current 1 to produce the guiding 
magnetic field. The fifth hole is on the tube axis where the 
atoms are guided. To a good approximation the magnetic 
field vector Ls a purely quadrupole one: B = (B f x t -B'y) 
with B f = /xal/va 2 = 1.46(6)/ T/m. An atom at radius 



p interacting with this field has Zeeman energy -B'jurp* 
where fir is the projection of its magnetic moment onto 
the local magnetic field direction. For the modest field 
strengths of interest here, the gyromagnetic ratio is inde- 
pendent of field strength, so, provided the spin does not 
flip, fig is a constant of the motion and the potential is 
linear in p. For yLr < 0 the atom then experiences a 
constant force directed toward the axis. Nonadiabatic be- 
havior is suppressed at the center by adding a —300 mG 
magnetic field along the z direction to maintain an ade- 
quate splitting of the magnetic sublevels [1 31, This causes 
the potential to become harmonic at distances less than 
a few ^tm from the axis. At the top of the guide the 
wires spread out (Fig. 1 ) to form a magnetic funnel of apex 
angle —90°, centered on the axis, A "pinch coil" wound 




FIG. 1. Schematic view of the quadrupole guide. A cloud of 
cold atoms falls into ihe central hole where it is guided down 
to the pinch coil, reflected, and guided back up to the top. The 
diameter of the guide is greatly exaggerated. 
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FIG. 2. Moms released from the MOT at / ■« 0 propagate down the guide and back up again, rising to their original height after 
139 ms. Some of the laser light scattered from the input funnel is visible in the background. 



on the outside of the guide, 13.8 mm below the top, allows 
us to add a field in the z direction to close off the guide. 

The guide is mounted in a vacuum chamber (10~ 9 Torr) 
with its entrance 10 mm below a magneto-optical trap 
(MOT) of standard design [2J. The MOT collects ~5 X 
1 0 6 85 Rb atoms from the background vapor (filling lifetime 
—5 s). These are then cooled in optical molasses to form a 
T = 25 fxK cloud with rms radius cr — 0.72 mm, which 
we optically pump into the (F — 3 f mp = 3) ground-state 
sublevel relative to a uniform magnetic field # t x. As the 
atoms fall in the dark, B x is reduced to zero and the guide 
current is adiabatically turned on. With a field of 40 G 
at the center of the pinch coil, atoms traveling down the 
guide should be reflected to reemerge from the entrance 
aperture. These are detected by a 2 ms pulse of laser 
light (10 mW/cm 2 , —10 MHz molasses), which produces 
enough fluorescence for a CCD camera to record the dis- 
tribution of the atoms without appreciably moving them 
under radiation pressure. We made CCD pictures with the 
pinch coil on and off. Figure 2 shows the cloud at the 
moment of release and the subsequent on-off differences 
as a function of the propagation time. The cloud clearly 
reemerges from the fiber and rises to its original height, 
139 ms after being released, demonstrating that the atoms 
are indeed being guided in the fiber. Since the total drop 
height is h = 2.38 cm, this round-trip time indicates that 
the vertical component of the motion is close to free fall. 
The velocity of atoms along the guide is therefore approxi- 
mately 45 cra/s near the top and 65 cm/s near the bottom. 

When the cloud released from the MOT expands freely, 
only 0.7% of the atoms enter the guide aperture. By con- 
trast, we find that the funnel gives an optimum efficiency 
for coupling atoms into the guide of 1 1% when the guide 
current / is set at 4.68 A, the value used in all the experi- 
ments reported here. The existence of an optimum can be 
understood as follows. The gravitational energy released 
by a 85 Rb atom falling 10 mm from the MOT to the guide 
entrance is equal to the magnetic interaction with a field 
of 15 G. if the field at the edge of the guide exceeds 
this, the magnetic aperture of the funnel becomes narrower 
than the physical diameter of the guide, making a constric- 
tion which reduces the coupling efficiency. At the same 
time, the field cannot be much smaller if the atoms are to 
be confined within the guide because an appreciable frac- 
tion of this energy goes into the transverse motion through 
deflections in the magnetic funnel. The angular momen- 
tum of the atoms around the guide axis L =* -JlmkT cr 



imposes the additional constraint that the guiding force 
must be large enough to overcome the centrifugal force 
L 2 /(/np 3 ). Our optimum current makes a field of 17.9 G 
at the wall of the guide and exerts a force of ** 6 X 
10~ 23 N on the atoms, compared with a typical centrifugal 
force at the wall of 5as 2 X 10~ 23 N, The coupling is thus 
a compromise between constriction of the entrance aper- 
ture to the guide and rejection of higher angular momenta, 
A Monte Carlo simulation of the experiment gives 21% 
coupling efficiency when the MOT is perfectly placed on 
the symmetry axis, dropping to 10% for an offset of 1 mm 
between the center of the MOT and the axis of the guide. 
Such a misalignment is possible in our apparatus. 

In Fig. 3 we plot the number of atoms returning from 
the guide versus the field in the pinch coil. The vertical 
line marks the field mgh/jjL B = 35.8 G at which the mag- 
netic interaction energy is equal to the entire gravitational 
energy released by falling. Most of the atoms are reflected 
at lower fields than this because some of their energy is 
in transverse motion. Empirically we find that the mea- 
sured step fits well to the integral of a Gaussian distribu- 
tion, shown in Fig. 3 by the solid curve. Our Monte Carlo 
simulation gives the very similar step shown by the dashed 
line. The slight discrepancy in the absolute position of the 
step is due to our systematic uncertainty in the conversion 
from current in the pinch coil to field. The same theoreti- 
cal model gives a mean energy in the transverse motion 
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FIG. 3. Reflected atom signal versus magnetic Field in the 
pinch coil. Points: experimental data. Solid line: simple empiri- 
cal fit described in text Dashed line: numerical model. Vertical 
line: mgh/ 'jt£* 
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FIG, 4. When a transverse magnetic field is applied, the num- 
ber of guided atoms decreases because of loss to the wall. Dots; 
experiment. Line: simple theory described in text. 

(divided by ^b) of 9.6 G, with a standard deviation over 
the ensemble of 3.3 G. In order to make a direct measure- 
ment of this, we adiabatically add a transverse magnetic 
field B x to the guide while the atoms are propagating in it. 
This translates the magnetic potential to the side, lowering 
the energy required for atoms to escape onto the wall by 
/ngBjc. Figure 4 shows how the number of atoms return- 
ing from the guide decreases. Fitting these points to the 
integral of a Gaussian distribution, shown by the solid tine, 
we find a mean transverse energy of 9.9 G with a standard 
deviation of 3.0 G, in excellent agreement with the numer- 
ical model. Expressed as a temperature, this is 670 fxK, 
which is much larger than the initial 25 /tK temperature of 
the atom cloud because the atoms are adiabatically com- 
pressed by gravity in the funnel. Noting that the mean 
potential energy is 2/3 of this total (virial theorem for a 
linear potential) we deduce from the known field gradient 
that the radius of the atom cloud in the guide is 98 fxm. 

In order to increase the distance over which the atoms 
propagate in the guide, we added a second pinch coil at 
the top, which is switched on once the atoms have entered 
to form a very long Ioffe trap. After holding them for 
any desired length of time, the upper coil is turned off 
and the atoms emerge to be recaptured in the MOT. The 
decay time determined in this way is typically 300 ms, 
depending on the state of the vacuum, and does not appear 
to be any shorter than the collisiona! loss lifetime measured 
for atoms in free flight in the chamber. This shows as 
predicted [14] that there is no appreciable thermal coupling 
to the room-temperature glass wall, even at distances of 
order 100 jj.ni. For a storage time of 300 ms the atoms 
propagate a distance of —10 cm along the guide. 

The quantum mechanical eigenmodes of this guide [13] 
are characterized by an energy {FifAsB* f yfm) 1 ^, which 
scales with current and wire spacing as 7 2/3 /<7 4/3 . For 
our experimental parameters, this energy divided by Boltz- 
mamfs constant is —J /zK, indicating that many trans- 



verse modes of the de Broglie waves are occupied in our 
present experiment. However, we have already demon- 
strated that similar currents can be passed through struc- 
tures that are 20 times smaller, in which the mode spacings 
are —50 ^tK. In order to achieve good coupling to such a 
waveguide, it will be important to introduce some dissipa- 
tion into the funnel or, alternatively, to use an atom source 
of smaller phase-space volume, such as a Bose-Einstein 
condensate. 

In conclusion, we have demonstrated that cold atoms 
can be efficiently coupled into a miniature magnetic 
quadrupole waveguide where they propagate within a 
100 ^m radius over tens of cm without appreciable loss 
other than background gas collisions. This is a prototype 
which shows the feasibility of miniature guides as a tool 
in the new field of integrated atom optics, leading to 
single-mode propagation of de Broglie waves and the 
possible preparation of ID atom clouds. 
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A strong electrostatic field applied to glass is spatially modulated by intense light at frequencies a> 
and 2a>. The phenomenon is explained in terms of photoconductivity being dependent on the relative 
phase of the light fields at different frequencies. [S003 1 -9007(97)029 1 3-X J 



PACS numbers: 42.70.Cc, 42.50.Hz. 42.65.Ky, 42.81. Dp 

Recently, the interference between different quantum 
processes has been the subject of considerable attention 
in many areas of physics. One of the reasons for this 
growing interest is that such kinds of interference open 
a prospect of a new degree of freedom in the control 
of physical processes — not only by the intensity or the 
polarization of light, but also by the phase of light. It 
was observed in the experiments on rubidium atoms [1J 
and photoemission from Sb-Cs photocathodes [2] that the 
interference between the one- and two-photon transition 
moments changes the angular distribution of the photo- 
electrons and excites a phase dependent current (coher- 
ent photocurrent). Recently, coherent photocurrent via 
quantum interference of electrons produced by one- and 
two-photon bound-to-free intersubband transitions was ob- 
served in AlGaAs/GaAs quantum well superlattices [3]. 
However, second-harmonic generation (SHG) via photo- 
induced spatially oscillating electrostatic fields in glass was 
probably the first observed phenomenon where coherent 
photocurrent was involved [4-61. Indeed, SHG is forbid- 
den in glass due to the inversion symmetry of the glass 
matrix. However, when a sample of glass or glass fiber 
(e.g., Ge-doped silica glass) is illuminated for some time 
(preparation time) with intense light containing frequen- 
cies at o) (pump) and 2a) (second-harmonic seeding) and 
afterwards the seeding is removed, it is still possible to ob- 
serve light at frequency 2oj (second harmonic) generated 
in the glass [7], In experiments on optical glass fibers 
strong amplification of a weak seeding radiation at fre- 
quency 2o) , generated inside a fiber as a result of magnetic 
dipole or quadrupole effects, is observed after launching 
only intense light at frequency co [8]. In this phenomenon 
the coherent photocurrent, excited in glass as a result of 
interference between one-photon ionization by light at fre- 
quency 2o> and two-photon ionization by light at frequency 
o>, gives rise to a spatially oscillating electrostatic field E g 
(photogalvanic field): E s jcoh/tf** where / C oh is &c co- 
herent photocurrent and <r is the photoconductivity. The 
amplitude of the photogalvanic field E g in glass is typically 
~ 1 0 4 — i 0 5 V/cm and this field can induce the second- 
order nonlinear susceptibility {x {2) )* responsible for SHG, 
via the third-order susceptibility: x {2) — ^X^^k* Assum- 
ing ^r<3> = \o~ 22 (m/V) 2 for silica glass, the magnitude of 



\a 2 \ 2 ll 



+ \h 2 \ 2 lLEo 
+ 2Rt[a2b2EoE w E (i ,E2 W ) , 



(1) 



X i2) is ~10 l6 -10 15 m/V. It turns out that the x { ) peri- || 

odicity can compensate for the phase velocity mismatch, p 

thus making the SHG process efficient. In nonlinear op- |j 

tics the process that allows such compensation is known as |S 

q uasi -phase-mate hi ng, || 

Unlike mixing between one- and two-photon processes, || 

which leads to a modulation in the angular distribution of §| 

photoelectrons, it was shown in experiments on mixing be- §J 

tween one- and three-photon processes in xenon gas [9], .§] 

HC1 molecular beam [10], and between five- and three- | 

photon process in mercury vapor [11 J that the total cross |j 

section of the ionization transition can be directly modu- |; 

lated by changing the relative phase between two light | 

fields oscillating at different frequencies. However, to |. 

our knowledge, two interesting aspects of the phenomenon f ; 

have not been yet investigated. First, experi ments on quan- |; 
turn interference have been carried out only in centrosym- 

metric media although it was already widely discussed that $ 

in media without inversion symmetry the interference be- | 

tween one- and two-photon transitions induced by light at f 

frequencies 2u) and a> can lead to a modulation of the total | 

cross section for the overall transition [12J. Second, the | 
modulation of the total cross section of ionizing transitions 
due to quantum interference (coherent photoconductivity) 

has been observed only in atomic systems. In this Letter we | 

report the observation of efficient second-harmonic genera- | 
tion in glass subjected to a strong external electrostatic 

field. The spatial periodic modulation of the applied elec- j 
trie field, responsible for the second-harmonic signal, arises 
from the interaction of the intense light at frequencies to 

and 2(d with glass, which has its inversion symmetry bro- ; 
ken by the applied field. The process could represent the 

first evidence of coherent photoconductivity in glass. < 

Let us consider the interaction of light beams of fre- I 

quencies a> and 2<o in glass when a strong dc electric field j 

(E 0 » E^) is applied. The probability of simultaneous | 

ionization of the defect site by two photons at frequency f 

co and one photon at frequency 2cw in the presence of E Q j 
is given by 

P - ^E^Eu + b 2 EoE 2 u] 2 \ 
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where E ot and E 2ui are the field amplitudes al fre- 
quency a> and 2a), respectively, / w and are the cor- 
responding intensities, and a 2 and b 2 are two complex 
coefficients which determine the weight of the different 
processes in the probability P. All terms in this expres- 
sion are even powers of the electric field regardless of the 
fact that they are uniform (first two terms) or modulated 
[being dependent on the relative phase of the fields at fre- 
quencies k> and 2o> (the last term)]. The modulated part 
of the probability leads to modulation of the total ioniza- 
tion cross section and hence to a corresponding modula- 
tion of the photoconductivity: 

V = <r 0 + cr coh , (2) 

where 

0*0 - \a 2 \ 2 rl + \b 2 ] 2 l 2to El 

is the uniform part of the photoconductivity and cr cuh — 
2 Rt{a2b2EoE tit E^El af ) is the part of the photoconductiv- 
ity being dependent on the relative phase between E w and 
E 2oJ (coherent photoconductivity). Therefore the coherent 
photoconductivity spatially oscillates with a period A de- 
termined by the refractive index mismatch between light 
waves at frequencies co and 2<o: 

<?coh ~ cos2ttz/A, A = A/2(n2«, ~* h<w)i 
where A is the wavelength in vacuum of the light at fre- 
quency <o and ri2<a* and are the refractive indices at 
frequencies 2to and co t respectively. It should be pointed 
out that the process of quantum interference considered 
above is qualitatively different from the already observed 
process of quantum interference in glass without strong 
(Eo » Eg) dc electric field applied [4-8]. In the latter 
case a modulation of the angular distribution of pho- 
toelectrons (coherent photocurrcnt) rather than a modu- 
lation of the total cross section of ionization {coherent 
photoconductivity) takes place. 

In fact the coefficients at and b 2 in the expression 
of the probability P can depend on the intensities of 
tight at frequencies 2<o and w\ a 2 = hu>)-, b 2 = 

<Z2(/it/i,/2w) and this can result in even higher order 
nonlinear processes [5]. 

The Ohmic current [j = crE 0 ) induced by the applied 
electric field separates photocarries which accumulate at 
the boundaries of the illuminated region and screen the 
applied electric field Eq. The resulting internal electric 
field inside the glass E C9 assuming intensities of light 
waves at frequencies 2<w and to to be constant, evolves 
accordingly to 

dEjdt = -E c /t, t = e/c, 

where r is the dielectric relaxation time and € is the 
dielectric constant of glass. An approximate solution for 
E c in the limit cr co h ^ ^o* r — tq = e/cro is 

E t = a C oh/cr 0 £o[l - cxp(-//r 0 )] 

X e.\p(-r/T 0 ) + £ 0 exp(-//To) 

= E™ h 4- JE* # (3) 



where ££ oh and £[? are the modulated and uniform parts 
of the internal Uc electric field. The modulated part of the 
electric field, proportional to <x CO h, and the corresponding 
X {1) grating (x {2) 85 3^ <31 £^ oh ) are zero at the beginning 
(f =» 0), reach maximum values at / = r 0 ln2, and finally 
decrease to zero in the steady state condition (f = =<0. 
The x*- 2) periodicity compensates exactly for the phase ve- 
locity mismatch (refractive index mismatch), thus making 
the second-harmonic generation process efficient [l 2u y a 
(X {2) ) 2 i 2 (l<*>) 1 * where / is the interaction length]. In fact, 
the evolution of the dc electric field can be more com- 
plicated since the second-harmonic electromagnetic field 
and the x i2) grating, i.e., modulated dc electric field itself, 
can vary in time and along the sample. However, even 
in a more general case, Eq, (3) still provides a qualitative 
physical description (in particular at the beginning of the 
process and in the steady state condition). A more de- 
tailed mathematical analysis for the general case will be 
presented elsewhere. 

In our experiments we used Ge-doped silica fibers with 
built-in capillaries on both sides of the core, suitable 
for introducing wire electrodes (Fig. 1). A typical fiber 
used in our experiments had a 0.32 numerical aperture, 
3 /xm core diameter, 165 /xm outer diameter, 50 /xm hole 
diameter, and 9 /xm interhole spacing. Metal wires of 
25 /xm diameter were inserted into the fiber over length 
varying from 5 to 500 mm. A mode-locked (76 MHz 
repetition rate, 300 ps pulse duration) and £?-switched 
(1 kHz repetition rate, 300 ns envelope duration) Nd-YAG 
laser operating at 1064 nm was used as the pump source. 

First, we launched only infrared light (pump) of — 12 mW 
average power (1 kW peak power) for — 1 h into the 
fiber, —25 cm long. No SHG was observed In the fiber. 
Then we launched simultaneously the pump of —12 mW 
average power and the SH seeding of —40 xxW average 
power, generated in a (KTiOPQ 4 ) crystal. The SH seeding 
was removed after preparation of — 10 min and a SH signal 
(being generated in the fundamental LPm fiber mode) of 
—20 xxW average power was observed, corresponding to a 
conversion efficiency of —0.16%. This was confirmed by 
monitoring the growth of the SH signal in the fiber when 
the SH seeding was blocked for a short time during the 
preparation (Fig. 2), Our result is in good agreement with 
previous observations on photoinduced SHG in Ge-doped 




FIG. L Cross section of a Ge-doped silica fiber with internal 
electrodes. The fiber had a 0.32 numerical aperture, 3 /cm core 
diameter, 165 xtm outer diameter, 50 jj.m hole diameter, and 
9 jmm interhole spacing. Metal wires of 25 /xm diameter were 
inserted into the fiber over length varying from 5 to 500 mm, 
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fibers [1] and may be explained by the appearance of a 
modulated second-order nonlinearity ix {1) grating) in the 
fiber as a result of the charge separation due to coherent 
photocurrent. 

We then applied voltages up to 10 kV (correspond- 
ing to electrical fields — 10 7 V/cm, which are probably 
among the highest values ever applied to glass materials) 
across the electrodes inside the fiber and launched into the 
fiber (25 cm long) 1R pump light of —1 kW peak power* 
The length of the region over which the electric field had 
been applied (electrode superposition) was —20 cm long. 
For applied voltages greater than ~2 kV a strong increase 
of weak electric-field- induced second- harmonic (EF1SH) 
signal of —10 nW (i.e., generated immediately after the 
electric field was applied) was observed (Fig, 2), In fact 
the SH signal (being generated in the fundamental LPnj 
mode) grows rapidly, within a 1 min time scale, reaching 
the maximum value of —250 juW average power and then 
slowly decreases (Fig. 2). After this first growlh and de- 
crease an interesting "echo" behavior was observed when 
the voltage was repeatedly switched off and on (Fig, 3). 
After disconnecting the voltage, the SH signal rapidly 
drops, remaining zero for a short lime period, then in- 
creases, reaching almost 60% of the maximum value when 
the voltage was applied and finally slowly decreases again 
(Fig, 3). During these experiments we achieved conver- 
sion efficiencies as high as —2% for a peak pump power 
of —1 kW, which is —10 times higher than in our exper- 
iments carried out without applying an external electric 
field. We detected a -~4 times smaller SH signal and —2 




0 5 10 
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FJG. 2. Time dependence of a SH signal in a fiber with 
external SH seeding of —40 /*W average power (opened 
triangles). The seeding was launched at r — 0. The SH growth 
was monitored by blocking the SH seeding. Time dependence 
of a SH signal in a fiber with applied voltage of 5 kV (filled 
triangles). The voltage was switched on at t = 0. The length 
of the fiber is —25 cm and the superposition of the electrodes 
is —20 cm. Average pump power is — 12 mW, 



times smaller growth rate in a fiber with electrode super- 
position — 10 cm long, thus two times shorter than in the 
previous fiber used. 

We excluded a simple explanation of this phenomenon 
by the EFISH seeding of the x i2) grating in a fiber on 
the basis of two experimental observations. First, we 
observed that the second-harmonic growth took place 
only in the region where the electric field was applied 
(where the electrodes superposed) and the SH output was 
quadratic dependent on the length of this region. Second, 
no SHG signal was observed in any of the used fibers 
after preparation for more than 1 h with a weak external 
SH seeding of the same and even an order of magnitude 
higher level of power compared to the EFISH maximum 
signal. The maximum SH signal and the time, necessary 
to reach half of the maximum, when the voltage is 
switched on and switched off (Fig. 4), clearly depend on 
the applied voltage: The maximum SH signal increases 
with the applied voltage whereas the half-growth time 
decreases with the applied voltage. 

The high conversion efficiency measured in our experi- 
ments and the observed quadratic dependence of the SHG 
efficiency on the fiber length represent clear evidences of 
quasi-phase-matched SHG due to the presence of a x {2) 
grating in the fiber. Moreover, the enhancement of SHG 
in glass due to a strong applied electric field (—5.5 X 
10 6 V/cm) was confirmed by experimental observation 
that the amplitude of the x {2} grating increases at least 
—3 times (corresponding to an increase of conversion 
efficiency —10 times) compared to the experimental situ- 
ation where no electric field is applied to the fiber. From 
our measurements we can also estimate the amplitude of 
the second-order susceptibility x {2) ~ 10" 14 m/V, which 
corresponds to a modulation of —8% of the applied electric 
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field. The possibility of a x [2) grating due to the interfer- 
ence between different fiber modes at the same frequency 
of light [1 3] was excluded since both the SH and the pump 
signals propagated in the fundamental LPoi mode. 

Our experimental results can be qualitatively interpreted 
in light of the mechanism presented above, i.e., on the 
basis of photoconductivity being dependent on the relative 
phase between interacting waves at frequencies a* and 2a) t 
which provides quasi-phase-matching for the SHG* More 
important this model is consistent with the increase in 
conversion efficiency with the applied voltage and is also 
in good agreement with the experimental time dependence 
of the SH signal growth to a maximum value followed 
by a gradual decay. It is possible to estimate from (2), 
assuming a 2 — and using the experimental values for 
the electric fields (E Q = 5.5 X 10 6 V/cm,[£;J = 3,2 X 
10 6 V/crnJ^J ^ 4.5 X 10 5 V/ern), the theoretical 
ratio ts coh /<J*o - 2E 0 \E„\ 2 \E 2 J/(\EJ 4 + \E 2tl) \ 2 El) - 
0.4. Experimental estimation of the ratio ct^/ctq can be 
obtained from (3): cr coh /cr 0 ~ 4E c ° h /E Q , where E£ h is 
the maximum amplitude of the modulated dc electric field. 
Using experimentally obtained E^ h /E 0 = 0.03, the ex- 
perimental ratio (<x C oh/ fJ "o)exp — 0.3 is in good agreement 
with the theoretical prediction. Moreover, an interesting 
feature in the time dependence of the SH signal — the 
origin of an unexpected growth (echo) of the SH signal 
after switching off the voltage (Fig. 3) — can be explained. 
Indeed, as follows from Eq. (3) in steady state conditions 
the internal electric field E c is zero, which means that 
the applied dc electric field Eo is locally compensated 
by the electric field E s due to the screening charges, 



accumulated at the boundaries of the illuminated region: 
E c = E 0 + E 5 - Q,E 0 ~ -E 5 , After switching off 
the voltage (&o = 0) the internal electric field rapidly 
increases almost to its initial value E c — E^ — -Eo. 
This rapid increase induces in the glass, due to the dc Kerr 
effect, a change in the phase mismatch between pump 
and SH waves which cannot be compensated any longer 
by the remaining weak x^ grating of a period given by 
the previous phase mismatch (before switching off the 
voltage). The lack of quasi-phase-matching makes the 
SH signal drop quickly to zero. However, due to the fact 
that the internal electric field increases almost to its 
initial value (with opposite polarity) a new quasi-phase- 
matching grating (with a new period given by the new 
phase mismatch) will start growing and the process of 
electrically stimulated growth of ^ (2) grating via coherent 
photoconductivity repeats itself for a second time. 

In conclusion we observed electrically stimulated light- 
induced second-harmonic generation in glass due to the 
modulation of a strong applied electrostatic field induced 
by light at frequencies cu and 2w. This phenomenon in 
glass is interpreted as the first evidence of photoconduc- 
tivity being dependent on the relative phase between light 
waves of different frequencies. 

We thank L. Dong for fabricating the fibers used in the 
experiments. 
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1. Introduction 

As exemplified by this special issue, many materials that 
are periodically structured on a micrometer length scale can 
now be fabricated with chemical assembly. While many forces 
are driving research in this area, one important motivation is 
to obtain optica] photonic crystals, materials that are periodic 
on an optical length scale. 11 1 When this periodicity is three* 
dimensional (3D), these structures have potential for novel 
optical properties. The most striking is the possibility of 
obtaining a complete photonic bandgap, a range of energy for 
which the photon cannot propagate in any direction inside the 
structure. 12 - 51 With this property, 3D photonic crystals would 
allow us to inhibit unwanted spontaneous emission and 
manipulate the flow of light. Thus, these materials could have 
serious implications for modern photonics. [J| 

Unfortunately, a thorough experimental investigation of 
these implications has been hindered by the difficulty in mak- 
ing 3D photonic crystals that exhibit a complete photonic 
bandgap at optical wavelengths. The structure must be 
extremely porous (-80 % air), with a very specific sub-micro- 
meter 3D periodicity (i.e., a specific lattice symmetry). 
Recently, state-of-the-art nanofabrication has succeeded in 
making the appropriate structures with a bandgap at 
1,5 umJ 5 -* 1 However, in parallel to these efforts, chemical as- 
sembly has also been studied as an alternate route to photonic 
crystals This has been stimulated by its simplicity, its ability to 
yield structures that are three-dim ensionally periodic over 
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macroscopic length scales, and its potential to be much less 
expensive than traditional nanofabrication. 

One approach has been to use sub-micrometer colloidal 
spheres (silica or polymer), which can be induced to sponta- 
neously organize on a crystalline lattice. In nature, this pro- 
cess leads to gemstone opals. ^ In analogy, sub-micrometer 
spheres assembled in the laboratory are sometimes referred 
to as synthetic opalsJ 91 Although these structures are (by defi- 
nition) photonic crystals, they do not have a complete photon- 
ic bandgap (since, e.g., the final porosity is too small). How- 
ever, by using the opal as a template a much more interesting 
photonic crystal can be made— the so-called inverted opal. 
This is achieved by filling the interstitial spaces between the 
spheres with another material and then selectively removing 
the spheres by chemical etching or calcination. The final struc- 
ture, which is a replica of the original opal, consists of air 
spheres arranged on a face-centered cubic (fee) lattice. Using 
this simple approach, inverted opals from a variety of materi- 
als have been made, as shown by many recent reports 1 10_27J 
and reviews, 128-31 J These results are important since theory 
predicts that inverted opals can have a complete photonic 
bandgap at optical wavelengths. 132 * 331 The bandgap arises since 
this structure automatically has the appropriate porosity, lat- 
tice spacing, and lattice symmetry. On the other hand, the 
bandgap will occur only if we can utilize a material with a 
refractive index >2.8. 

Unfortunately, this last requirement has proven extremely 
challenging to satisfy, since few materials simultaneously have a 
high refractive index and negligible absorption at optical wave- 
lengths. However, as shown in Table 1 , one suitable class of ma- 
terials is conventional semiconductors. At wavelengths longer 
than the absorption edge (or electronic bandgap), a semicon- 
ductor has both a high refractive index and low absorption. In 
addition, these materials can have other very useful electrical 
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Table L Key parameters for several semiconductors thai can be used to make 
photonic crystals. To obtain u complete photonic batidjiap. the semiconductor 
must nol only have a hiuh refractive inde*- but also be transparent Thus, each 
material is limited to wavelengths longer than its absorption edge. The refrac- 
tive inde* is quoted at ihe onset of the transparency region, where the absorp- 
tion coefficient becomes <l cm"'. Both the ordinary and extraordinary indices 
are listed for uniaxial semiconductors. Data are compiled from the Handbook 
of Optical Constants of Solids [56] and rroperties of Optical and Laser Related 
Materials [57]. 



Semiconductor 


index of refraction 
(at specified wavdehftli) 


Absorption edge 
(a< 300 K) 


CdS 


2.46/2.45 (0.65 jira) 


0.50 Jim 


C»P 


3.42 (0.56 nm) 


0.55 Km 


Sc 


2.82/3.64(1.0 jim) 


0.67 |im 


CdSc 


2.75,2.77 (0.7S urn) 


0.7 i k«i 


GaAft 


3.54 (0.«S Jim) 


0.87 urn 


InP 


3.33 ( 1.0 pm) 


0-97 jira 


Si 


3.S3(l.l|un) 


1. 10 


Gi 


4.(2(2.0 nm) 


1.87 Km 


Te 


4.33/6.37 (4.0 pm) 


3-49 Km 



and optical properties. For example, modern integrated elec- 
tronics is driven by manipulating the electrical conductivity of 
silicon. Similarly, optical telecommunications is based upon sol- 
id-state lasers made from direct bandgap semiconductors, such 
as GaAs, which can efficiently convert electrons to photons. 
Thus, not only can semiconductor photonic crystals exhibit a 
complete photonic bandgap, but they also have potential to be 
integrated into current optoelectronic technology. 

Here, we review recent efforts to use chemical approaches 
to move toward this goaL ,MJ Using a variety of infiltration 
methods, several groups have succeeded in making inverted 
opals from high-refr active-index semiconductors^ 24-271 Since 
these structures can, in principle, satisfy all the requirements 



necessary to obtain a complete photonic bandgap at optical 
wavelengths, they provide the first opportunity to explore the 
existence of the bandgap in chemically assembled photonic 
crvstals. Thus, they represent an important milestone in pho- 
tonic crystal research. 



2. Early Work 

Almost immediately after the realization that synthetic 
opals could act as interesting photonic crystals, 1351 researchers 
began attempts to fill their pores with semiconductors. While 
the earliest efforts used vapor phase syntheses to grow semi- 
conductor particles inside the opal, e.g., CdS l35J61 or InP, 1 8 
liquid phase syntheses have also been usedJ 39 ^ 11 These efforts 
were motivated by a need not|only to increase the refractive 
index of the photonic crystal, but also to obtain a luminescent 
material with which phenomena, such as the modification of 
spontaneous emission 13 *" 411 or optical gain enhancement, 1421 
could be studied. In parallel to these optical studies, opals 
were also filled with semiconductors, such as Ga As and Te, to 
probe the influence of periodic structure on thermal and elec- 
trical conductivity. 143,441 

However, in most of these early attempts, the pores of the 
opal were only partially filled. Furthermore, since small clus- 
ters of nanoparticles often grew inside the opal, the filling was 
inhomogeneous. While such nanoparticles can be advanta- 
geous for utilizing quantum confinement effects in lumines- 
cence, l353d * 40,42] it does not allow inverted opals to be formed. 
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As soon as the template is removed, the inhomogeneous semi- 
conductor structure collapses. 

In general, these difficulties with Tilling arise since the inter- 
stitial voids of the opal are connected by small channels. Thus, 
the challenge is to transport and deposit material into the 
voids without obstructing these channels. This must be 
achieved while satisfying two requirements. First, to obtain an 
inverted opal, the voids must be homogeneously filled, i.e., 
the infill material must be contiguous. Second, to obtain a 
complete photonic bandgap, the voids must be sufficiently 
filled with high refractive index material. The optimal band- 
gap has been predicted to occur when the filling is -SO %, l33J 

In one of the early attempts, complete filling was obtained 
by using Te, a narrow-gap semiconductor, 1441 Due to its low 
melting temperature, the semiconductor could be melted and 
forced under high pressure into the voids of the opal. Although 
these structures were made for conductivity measurements, Tc 
inverted opals could also have a complete photonic bandgap at 
infrared wavelengths >4 um (see Table 1). Unfortunately, this 
simple approach does not work for wider-gap semiconductors, 
which all have melting temperatures that are too high for an 
opal to survive. 



3* Recent Advances 

To overcome these difficulties, four new approaches have 
recently been reported. 124 " 271 Below we briefly outline and dis- 
cuss these methods. Since each approach begins with a syn- 
thetic-opal as a template and then ends by selectively remov- 
ing it, we concentrate on the intermediate steps required for 
filling with semiconductor material. 



3.1. Nanocrystal Sintering 

Due to well-developed chemical syntheses for semiconduc- 
tor nanocrystalsj 451 nanometer-scale colloidal particles pro- 
vide a convenient method of transporting semiconductor 
material into the template. Nanocrystals, which are typically 
~10x smaller than the smallest channel of the opal, can be 
synthesized before filling, dissolved in a sotvent, and then 
deposited in the voids. In fact, such particles were used to 
dope synthetic opals in early luminescence studies.' 401 How- 
ever, it has also been demonstrated, as in Figure 1, how they 
can be used to obtain inverted opals.' 243 Since nanocrystals 
that are nearly monodisperse can he assembled into densely 
packed solids by slowly evaporating away the solvent,' 46 * this 
process was used in the presence of a synthetic opal to com- 
pletely fill its pores with semiconductor nanoparticles. Once 
the template was filled, the nanocrystals were then sintered 
inside the opal at moderate temperatures (750 °C) due to the 
reduction of the melting temperature in nanometer-scale par- 
ticles.' 471 The result, demonstrated for CdSe,' 241 is an inverted 
opal made from a bulk semiconductor. 
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Fig. I. Procedure for obtaining CdSc inverted opals by nanocrystal sintering, as 
discussed in [24]. 

One of the advantages of the nanocrystal-sintering approach 
is that it is completely general to any of the materials that can 
be synthesized as colloidal nanoparticles. For example, Ag and 
Au inverted opals have already been made with this ap- 
proachJ 20 ' 28 ' 4 * 3 In the future, it should also be possible to adapt 
this method to Sl {49] or GaP 15 ^ nanocrystals. Thus, many high- 
refractive-index inverted opals should be obtainable. How- 
ever, a potential problem is that, although the template is ini- 
tially completely filled with nanocrystals. they are condensed 
during sintering. Thus, similar to the sol-gel methods that pro- 
duce metal -oxide inverted opals, this approach can have diffi- 
culties in obtaining infiltration of the high refractive index 
material greater than 50%. Although methods exist which 
may solve this problem, they have yet to be demonstrated. 



3.2. EJectrodeposirion 

As shown in Figure 2, a second approach is to utilize 
chemical electrodeposilion. By placing the template directly 
on Ihe cathode of an electrochemical cell, II- VI semicon- 
ductors such as CdSe have been deposited in the interstitial 
voids of an opal. [25] An exciting f'ealure of the deposition is 
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33. Chemical Vapor Deposition 

A third approach, which has already succeeded in going 
beyond Il-Vl semiconductors, is chemical vapor deposition 
(CVD). While it had been commonly assumed, after eariy 
attempts failed to achieve homogeneous filling, that CVD was 
inappropriate for obtaining inverted opals, a recent success 
with silicon has shown this to be incorrect. 126 -*' 1 Following the 
scheme in Figure 3, disilane gas has been used as a precursor 
to uniformly deposit silicon nanoclusters throughout the inte- 
rior surfaces of an opal. Subsequently, these nanoclusters were 
annealed at moderate temperatures (600 °C) to obtain poly- 
crystalline Si. A remarkable feature of this method is that, 
unlike previous attempts to use CVD, the resulting infill is ex- 
tremely homogeneous. Furthermore, in the initial report, 126311 
it was claimed that the amount of filling was not only control- 
lable but could be as high as 100%. Although these findings 
need to be further quantified, the implications of this ap- 
proach are clear. As shown in Table 1, the resulting inverted 
opals can have an extremely high refractive index, which may 
allow a complete photonic bandgap to be obtained (see 
Sec. 4). Thus, these materials have great potential for applica- 
tions in telecommunications at near infrared wavelengths. 



CVD 
chamber 



CdSe inverted opal 

Fig. 2. Procedure for obtaining CdSc inverted opals using cicctrodeposilion, as 
discussed In [25]. 

that it proceeds sequentially from the bottom to the top of 
the template. Thus, an important advantage of this ap- 
proach is that the voids can be completely filled. Conse- 
quently, an exact replica of the initial opal template can be 
obtained. However, a potential difficulty is that, while many 
materials can be electrodeposited, it is not yet clear whether 
the bottom- to-top growth, crucial to the success of this 
method, is possible in other high-refractive-index semicon- 
ductors, besides CdS and CdSe. This problem, which re- 
quires further study, must be overcome in order to obtain a 
complete photonic bandgap at visible or near visible wave- 
lengths with this approach. 

Currently, both the nanocrystal-sintering and electrodepo- 
sition methods have succeeded in making inverted opals 
from TT-VI semiconductors that, according to Table 1, have 
refractive indexes that can be very close to, but below, the 
threshold for a photonic bandgap. While II-VI compounds 
are direct -gap semiconductors, which may be useful for 
studying the strong modification of luminescence, gain, and 
optical nonlincarities by the photonic crystal, it is necessary 
to further increase the refractive index to achieve a com- 
plete photonic bandgap. Efforts to extend these methods to 
higher refractive index semiconductors, such as GaP, are in 
progress. 
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Fig. 3. Procedure for obtaining Si inverted opals using CVD. as discussed in [26]. 
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However, due to the absorption of silicon, these structures 
are inappropriate for wavelengths shorter than 1.1 um. 
Whether this technique can be extended to wider bandgap 
semiconductors, which would enable complete bandgaps at 
visible wavelengths, remains an open question. Certainly, the 
success of the CVD approach with Si suggests thai it should 
be reconsidered as a general method for infiltration. 

3.4. Oxide Reduction 

For inverted opals with a refractive index even higher than 
silicon, the.fourth approach 1271 has been used to yield germa- 
nium structures. As outlined in Figure 4, this method begins 
by forming germanium oxide inside the template by hydrolyz- 
ing tetramethoxygermane in situ. Ge° is subsequently 
obtained by reducing the oxide with H 2 at 550 °C. Significant 
infiltration follows if these steps are repeated several times. 
Similar to the silicon approach, the success of this method is 
significant since germanium has a refractive index that is well 
above the theoretical threshold for formation of a complete 
photonic bandgap. Thus, it may provide a material where the 
existence of the bandgap in self-assembled photonic crystals 
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Fig. 4. Procedure for obtaining Gc inverted opals using oxide reduction, as dis- 
cussed in [27J. 



can be probed for the first time {see Sec, 4). However, due to 
the absorption edge of Ge, these structures can only achieve a 
photonic bandgap above 2 um. Nonetheless, they might have 
many important applications. 

While the CVD and oxide reduction methods have success- 
fully produced high-refractive-index inverted opals, the photon- 
ic bandgap is limited to infrared wavelengths. This follows as a 
general consequence of Moss* rule for semiconductors, which 
states that the wavelength of the absorption edge is proportional 
to the fourth power of the refractive index. 1511 As shown in 
Table 1, this tendency makes it difficult to satisfy the index 
requirement for a complete photonic bandgap at visible wave- 
lengths. However, it would be very desirable to extend the above 
methods to GaP, which is an obvious candidate for this goal 



4. Future Directions 

In the quest to obtain a complete photonic bandgap, most 
of the work to date has focused on fabricating three-dimen- 
sionally periodic semiconductor structures that have the nec- 
essary symmetry, porosity, lattice spacing, and refractive 
index. While, of course, further work on these issues needs to 
be done, this focus has clearly led to significant progress, as 
demonstrated by the materials outlined above, indeed, several 
of these structures may satisfy all the requirements necessary 
to exhibit a complete bandgap. Thus, with these materials now 
in hand, one might imagine that the existence of the bandgap 
will be simple to verify. Unfortunately, this is not the case. 
While several factors complicate the analysis of the band- 
gap,^ the most significant is the role of disorder in these 
materials. For example, it is not known whether the imperfec- 
tions present in current inverted opals are small enough to 
observe the complete photonic bandgap. In chemical assem- 
bly, such "residual" disorder can arise from several different 
sources. First, defects in the initial opal template, such as 
stacking faults 1531 or small deviations in sphere size, are 
directly imprinted in the final inverted structure. While great 
strides have been made in reducing these defects, it has been 
predicted that even a 2 % deviation in sphere size can destroy 
the complete bandgap in inverted opalsJ 541 Second, significant 
disorder can be caused by the infiltration process itself. Even 
the best samples to date have variations in the amount of Fill- 
ing from point to point in the lattice. Since these inhomogene- 
ities must be much smaller than the optical wavelength, the 
elimination of residual disorder remains a challenge, even 
with the above methods. 

Thus, now that high-refractive-index, self- assembled pho- 
tonic crystals have been made, only half the problem has been 
solved. It is necessary to experimentally explore the photonic 
bandgap properties of these new structures and obtain a bet- 
ter understanding of the underlying physics. We have recently 
argued (52J that this can be achieved by combining recently 
developed optical techniques^ 51 with further refinements in 
the materials. With this approach, it should be possible to 
address questions such as the influence of disorder on photort- 
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ic properties. More importantly, we should finally be able to 
answer the crucial question of whether a complete photonic 
bandgap can exist in self-assembled photonic crystals. 
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Enhancement of optical gain of semiconductors embedded 
in three-dimensional photonic crystals 
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The three-dimensional photonic crystals used in this study were synthetic opals, composed of 
submscron silica spheres, close-packed in a face-centered cubic structure with a period of 200 nm, 
that exhibit photonic stopbands around 600 nm. We present measurements of the optical gain of 
CdS quantum dots (QDs) embedded inside the interstitials between the silica spheres. Unlike the 
usual gain spectra or CdS QDs in glass matrices, which display maximum gain at energies of the 
first quantum-confined transitions, for QDs embedded in photonic crystals the gain maximum is 
shifted toward the high-frequency edge of the photonic stopband (2.2 eV) far below the absorption 
edge of the semiconductor (2.5 eV). Studies of temperature, intensity, and orientation dependencies 
of the sain spectra allow one to ascribe the observed effect to gain enhancement caused by multiple 
coherent Bragg scattering of light in the periodic photonic crystal. © 1997 American Institute of 
Physics, [80003-6951(97)04538-5] 



In recent years a great attention has been paid to the 
fabrication and studies of artificial three-dimensional (3D) 
periodic dielectric structures whose periodicity matches the 
wavelength of electromagnetic waves, 1 Owing to this period- 
icity, the frequency- momentum dispersion relationship for 
photons is strongly modified in such photonic crystals and a 
photonic band gap (PBG) can develop in which the density 
of photonic states (DOS) is zero. 2 The emission spectra of an 
active medium placed within a photonic crystal should, 
therefore, be drastically altered. 2-6 This may play an impor- 
tant role in low threshold mterolasers based on photonic 
band gap engineering. 

The fabrication of a 3D photonic crystal with a submi- 
cron lattice constant for operating in the visible spectral re- 
gion, however t still remains a challenge. It was recently 
found that synthetic opals, composed of a-Si0 2 spheres, 
closely packed in a 3D face-centered-cubic (FCC) structure 
with a period of about 200 nm, possess photonic stopbands 
throughout the visible spectrum (400-600 nm). 7 " 9 Accord- 
ing to numerous theoretical calculations of the photonic band 
structure of opal-like FCC photonic lattices composed of 
spherical "atoms,** 10,11 an absolute PBG with zero DOS be- 
tween the lowest photonic zones is prohibited by symmetry. 
It is possible, however, to expel the propagating photonic 
modes along all but a few directions, thus creating a very 
large depletion of the photonic DOS — a "pseudogap." 3,10,11 
It was shown recently that the pseudogap criterion could be 
met in opals by impregnating the interstitials between the 
silica spheres with a high refractive index semiconductor. 

Our synthetic opal samples were fabricated by three sub- 
sequent technological procedures: sol-gel synthesis of mono- 
disperse (standard deviation less than 39c) suspension of 
silica spheres, sedimentation of the suspension into a solid 
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state ordered array, followed by thermal annealing. The ex- 
posure of the porous opal matrices to a vapor flow of Cd and 
S results in the formation of wurtzite CdS nanocrystals of 
about 6 nm mean diameter, 13 that homogeneously fill all the 
empty voids between the spheres. Atomic force microscopy 
(AFM) reveals the hexagonal-type close packing of the silica 
spheres on the base surface of the platelet sample, character- 
istic of the (1 1 1) plane of a FCC lattice with a lattice con- 
stant of a =260 nm and volume fraction of the spheres 
£=0.96. This is consistent with previously obtained trans- 
mission electron microscopy (TEM) data. 7,9 

A transmission spectrum of an opal/CdS sample, mea- 
sured at normal incidence to the (111) face, is presented in 
Fig* 1A in a semilogarithmic scale. Besides the drastic de- 
crease of transmission at short wavelengths above 4W nm, 
due to the absorption of light in the semiconductor nanocrys- 
tals, a large drop centered at 600 nm can also clearly be seen. 
It is ascribed to a photonic stopband at the L point on the 
photonic Brillouin 2one (BZ). 7 9 

For high intensity excitation in our optical gain measure- 
ments, a XeCl excimer laser emitting ultraviolet light pulses 
(308.5 nm) of 20 ns duration at 5 Hz repetition rate is used. 
The optical gain is measured using the variable-stripe-length 
(VSL) method. 12 The laser beam is focused onto the (111) 
face of the sample in the form of a narrow rectangular stripe 
of about 20 /Am in width and a variable length D, The emit- 
ted light [i.e., amplified spontaneous emission (ASE)] is col- 
lected from the cleaved edge of the sample in the direction of 
the stripe, as shown in the inset of Fig, 2A, 

Figure IB shows a set of ASH spectra measured at 10 K 
in the stripe direction for a fixed stripe length of D = 150 
for various excitation intensities. At low pumping rates the 
spectrum consists of a single broad band (band A) with its 
maximum at 500 nm and a very wide tail extending to longer 
wavelengths (see spectrum 1 in Fig. IB). It can be seen 
(spectra 2-4) that an increase of the pumping intensity re- 
sults in the appearance of a well-defined long-wavelength 
band centered at 570 nm (band B). This band exhibits rapid 
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FIG. 1. (A) Transmission spectrum of an opal/CdS sample having the thick- 
ness of 100 /urn taken at 10 K at a normal incidence to a ( II 1) face. (B) Set 
of ASE spectra measured at 10 K with 150 /ini stripe length oriented along 
the <211> direction as a function of excitation intensity: 1-0.25, 2-(X55, 
3-0.77, and 4-J MW/cm 2 . fC) Set of ASE spectra measured at I MW/cm 2 
excitation intensity with 150 /tm length stripe oriented along the <211) di- 
rection as a function of temperature: 1-10, 2~40 t 3-80. and 4-300 K. 



temperature quenching illustrated in Fig. !C These observa- 
tions strongly contradict an assignment of the B band to a 
defect- related emission band usually observed in lumines- 
cence spectra of QD in glass. 13 " 13 The latter is typically very 
broad (200 nm FWHM l3_J5 ), and exhibits slower tempera- 
ture quenching 15 and slower growth wilh increasing 
pumping 13 than the intrinsic near-band-edge luminescence 
band A. The band B cannot be assigned to the emission from 
the silica host itself, because luminescence spectra taken 
from the region of the sample, which was not exposed to the 
vapor flow during the semiconductor synthesis, are very 
weak and do not exhibit such structured luminescence bands. 
It can be supposed, therefore, that the B band originates from 
the same intrinsic states as band A, but the long- wave length 
portion of their spontaneous emission is greatly amplified 
due to increased gain at these wavelengths. 

In order to verify this hypothesis, the optical gain mea- 
surements were performed at various excitation intensities 
and for different temperatures. The ASE intensity / ASE mea- 
sured at 10 K as a function of the stripe length D for various 
excitation intensities is presented in Fig. 2, The / a se(£>) de- 
pendencies shown in Fig. 2 A correspond to the light detec- 
tion at the wavelength of 500 nm, i.e., at the maximum of 
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V\C%. 2. ASE intensity at 10 K us a function of the siripe length measured for 
<21l> oriented stripes for different intensities of excitation: J-L 2-0.77, 
3-0.55, and 4-0.25 MW/cm 2 . (A) ASE is detected at the maximum of band 
A (500 nm); (B) at the maximum of band B {570 nm). Inset (A) Geometry 
of gain measurements using the VSL method. Inset (B) Log -log plot of the 
gain # as a function of the excitation intensity / for hand A (1) and band B 
(2). 

band A. It can be seen that at our highest excitation intensity 
of 1 MW/crn 2 the 7 ASE increases exponentially over at least 
two orders of magnitude (see line 1 in Fig. 2A) and exhibits 
saturation for D larger than 120 jzm. The effective gain co- 
efficient g (total gain minus loss) can be obtained by fitting 
th« Jase{£*) dependence using the expression 12 / A se(°) 
= Sfg [exp(f>*D)— 1], where S is a spontaneous emission 
intensity constant. The result of this procedure yields a value 
of g=220 cm -1 for an excitation intensity of 1 MW/cm 2 . 
This value is comparable to that usually observed in CdS 
QDs in glass matrices for a similar temperature and excita- 
tion intensity. 11,14 The gain diminishes as the intensity of 
excitation / is reduced and it practically disappears when 
7=0.2 MW/cm 2 . The dependence reveals a quadratic 
increase of the gain with increasing excitation intensity. This 
is shown in a log-log plot in the inset of Fig, 2B (see curve 
I). This behavior is expected for gain processes involving 
two electron-hole pairs (biexciton) recombination. It has 
been shown 1314 that biexcitonic gain, originating from biex- 
citon to exciton recombination, is favored in QD embedded 
in glass matrices. It results in a broad gain spectrum with a 
maximum near the absorption band edge and a long tail ex- 
tending to lower energies. 1 ** 14 

Parallel with gain measurements taken at a wavelength 
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FIG. 3. Gain spectra measured at 10 K for I MW/cm ! excitation intensity 
for a stripe oriented along the <2I I) direction (squares) and along the (1 10) 
direction (stars). Inset: Sketch or sphere packaging on the (1 1 U face of ll* 
sample, corresponding photonic BZ, and its projection on the ( 1 1 1) plane. 

of 500 nm (Fig. 2A) the gain is also measured at longer 
wavelengths. Figure 2B represents a set of /aseW depen- 
dencies taken at the spectral position of 570 nm, i.e., at the 
maximum of band B. The gain in this spectral region far 
from the absorption edge is surprisingly targe. Moreover, for 
our maximum excitation intensity of 1 MW/cm 2 , it reaches a 
value of £=300 cm -1 , which is nearly 1 ,5 times larger than 
the value g=220 cm" 1 measured for band A. The intensity- 
dependence of the gain at band B repeats the quadratic g(P) 
trend characteristic of the gain for band A, which indicates 
that it is also due hie xci tonic recombination. See curve 2 in 
the inset of Fig, 2B. 

We would like to emphasize at this point that these ob- 
servations clearly demonstrate that the B band is mainly 
composed of amplified spontaneous emission originating 
from the same transitions as band A, It can be supposed that 
the enhancement of the gain at these wavelengths which is 
quite unusual for QDs in glass, is due to distributed Bragg 
reflections, provided by the periodic photonic lattice of the 
dielectric opal matrix. If this is the case, then the B band gain 
should possess well-defined directional properties according 
to the symmetry of the opal photonic lattice. Indeed, the 
(111) face of the opal photonic lattice, onto which the stripe 
is focused in the VSL gain experiments, possesses two in- 
equivalent directions ({110} and (211), see inset in Fig. 3), 
which can be clearly identified by the analysis of AFM im- 
ages. For the <1 10) oriented stripe the wavevector k of pho- 
tons, which are collected in the VSL method in the stripe 
direction, increases in the T-K direction of the photonic 
BZ. When k approaches the boundary of the first BZ at point 
K with coordinates 27r/a*(3/4,3/4 1 0) (see inset in Fig. 3), the 
photonic stopband develops. The photonic stopband for the 
(211) direction should occur at longer wavelengths, since the 
absolute value of the wavevector \k\ t which corresponds to 
the boundary of BZ in the (211) direction, is about 10% 
smaller than that at the point K (see inset in Fig. 3). 

In all the gain measurements described above, the exci- 
tation stripe was oriented along one and the same <211> di- 
rection. Measurements of the orientation dependence of the 

1618 Appt. Phys. Lett., Vol. 71, No. 12, 22 September T997 



gain were performed by rotating the sample around the [III] 
axis. Figure 3 depicts the gain spectra measured for (2 1 1) 
and (110) oriented stripes for one and the same excitation 
intensity of 1 MW/cm 2 at 10 K. It can be clearly seen that 
band B dominates in the gain spectra only for stripes ori- 
ented along the <211> direction. Rotation of the sample 
around the [111] axis by only 30° (the stripe is then oriented 
along the (110) direction) results in a blueshift and disap- 
pearance of the band B, as expected. Comparison of the gain 
spectra shows that the gain value is enhanced at 570 nm by 
at least a factor of 3. Several mechanisms predicted to occur 
in 3D photonic crystals can be responsible for the observed 
effect. 3 "" 6 We would like to note at this stage that, accounting 
for even one of the proposed mechanisms caused by slowing 
down of the photon group velocity at the photonic band 
ed<*e, which implies an exceedingly long optical path length 
in "the structure, 5 may explain the observed magnitude of 
gain enhancement. 

In conclusion, optical gain was observed for the first 
time with semiconductor nanocrystals embedded in a 3D 
photonic crystal. We found that light interference on a pho- 
tonic lattice of opal results in an enhancement of the long- 
wavelength portion of the gain at the high-frequency edge of 
the photonic stopband far below the absorption edge of the 
semiconductor. Well-defined spatial directionality of ASE at 
these wavelengths, exponential increase of its intensity with 
a threshold pumping value and a relatively small spectral 
width enabled us to describe the observed effect as a lasing 
action, which occurs without any external mirrors or cavities. 
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this mixture wns kepi standing in a refrigerator overnight. The red solid that 
precipitated was collected by vacuum filtration and re crystals zed from CH 2 CV 
MeOH to give 1.1 g (68 % yield) of red crystals: m.p, 129 X (127*C from sec- 
ond heating in DSC); 'H NMR <300 MHz, CDCI 3 ): A 0.90 (t, / = 6.6 H2, 6H), 
134 (m, I2H), 1.63 (m, 4H). 1,82 (s. 6H), 3.40 <t, J « 7.S Hz, 4H), 6,70 (d, J = 
9,6 Hz. 2H). 7,99 (d, J = 9.6 Hz, 2H); l3 C NMR (75 MHz, CDCij): 6 13.97, 
22,60, 26.66, 27.37, 27.69 r 31.57, 51.43, 53.74, 90.43, 97.23, 1T2.06 (two carbons), 
113.08, 113.13, 113.32, 132.57, 152.98, 173.66, 177,15; infrared (IR) (neat, cm" 1 ) 
2950, 2928, 2S56, 2223, 1607. 1564, 1533, 1491, 1472, 1422, 1355, 1333, 1220, 
1187, 1119, 1002, 981, 920, 826; utiraviolet-visible (UV-vis) (THF) A m „ nm (c) 
491 (72455). 

NMR-spectra were measured with a Bruker AMX 300, UV-vis spectra with 
a HP 8453 spectrophotometer, Fourier transform IR (FTTR) spectra with a Bru- 
kcr Vector 33, melting points with TA Instruments DSC 2920 and. Olympus 
BH-2 polarized light microscopy equipped with a Mettler FP5 temperature con- 
troller and FP52 hot stage. MDSC was also performed on the TA Instruments 
DSC 2920 and the temperature is raised by 5 ^Cmin'* and modulated every 60 s 
by ±0.8 D C 

For sample preparation, the components are either dissolved in chloroben- 
zene and cast on the substrate or dissolved in benzene and freeze-dried. The re- 
sulting composites are melted at 140-150 °C, sandwiched between two indium 
tin oxide (ITO) coated glass slides and cooled by placement on a cold (room 
temperature) metal plate. 

The DC photoconductivity is measured at a wavelength X = 647 nm (Kr ion 
laser) by applying a high voltage on one electrode and monitoring the current 
from the other electrode to the ground by a sensitive current amplifier (Keith- 
ley 428). All measurements are taken in steady state after opening the laser 
shutter. 

For transient ellipsometry, the sample is placed between dossed polarizers at 
an angle of 54° between the sample normal and the laser beam. A laser diode at 
a wavelengih X = 905 nm is employed and the residual birefringence of the sam- 
ple is compensated by a crystal compensator. The transmission through the el- 
lipsometry setup is measured in response to a step function of the electric field 
applied to the sample with a rise time of -100 ps. 

The two-wave mixing is measured in a standard geometry [29] with the two 
beams having external angles of 30° and 60 e to the sample normal and beam ra- 
tio 1 :1 . The laser source is a Kr ion laser at a wavelength of 647 nm. The time 
transients are measured by opening a shutter for both beams with a switching 
time of about 150 us. After the measurements, the gratings aTe erased by a larg- 
er. non-Bragg matched erasing beam. 

In the beam farming experiments, the same setup as in the two-wave mixing 
is used except only one beam is present. The angle of Che beam to the sample 
normal is 60° and the applied electric field is inverted compared to two*wave 
mixing to enhance the fanning. Additionally, an aperture is placed in the beam 
path 50 cm behind the sample, which clips only 5 % of the unperturbed beam. 
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Lasing from Semiconductor Quantum Rods 
in a Cylindrical Microcavity** 

By Mlri Kazes, David Y Lewis, Yuval Ebenslein, 
Taleb Mokari, and Uri Banin* 

Colloidal semiconductor nanocrystals are a class of nano- 
materials with significant potential for serving as luminescent 
chromophores in applications ranging from lasers^ and opto- 
electronic devices, 12 * to biological fluorescence tagging/ 3,41 An 
obvious advantage of such nanostructures over conventional 
chromophores is the remarkable spectral coverage for lumi- 
nescence from the ultraviolet to the near infrared. Such cover- 
age is afforded through size control of a variety of available 
high-quality nanocrystals of II- VI and III-V semiconductors, 
a direct manifestation of the well-known quantum confine* 
ment effect 15 " 81 

Shape control of such colloidally prepared nanostructures 
has been recently achieved by modifying the colloidal synthe- 
sis to obtain rod-shaped particles— quantum rodsj^ which dis- 
play the transition from zero-dimensional quantum dots 
(QDs) to one-dimensional quantum wires. Unlike the spheri- 
cal dots, quantum rods have linearly polarized emission as 
demonstrated recently by fluorescence measurements on sin- 
gle quantum rods and by theoretical calculations. 11 ^ This 
property of linearly polarized emission, along with the pro- 
spect of broad spectral coverage and the chemical accessibility 
to quantum rods, renders them highly attractive as potential 
laser materials. Furthermore, low lasing thresholds are pre- 
dicted for quantum dots and quantum wires compared with 
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two-dimensionally confined quantum wells, the basis of pres- 
ent semiconductor diode laser devices ubiquitous in informa- 
tion and telecommunication technologies. 111 * 12 - However, in 
spite of intense research, amplified spontaneous emission was 
only recently observed for spherical colloidal CdSe QDs in 
close-packed films where pumping with an amplified femto- 
second laser source was used to compete with fast non-radia- 
tive Auger decay processes.* 13 The observation of an induced 
absorption feature at the region of potential optical gain for 
the same nanocrystals in solution was thought to be a limiting 
factor for lasing in this natural solution environment of coUoi- 
dal particles.^ 31 In this paper, we report the first observation 
of lasing for CdSe/ZnS quantum rods in solution using a cylin- 
drical microcavity, with nanosecond (ns) excitation from a 
commonly available pump source. The simple microcavity set- 
up used here provides much needed uncomplicated means for 
screening colloidal nanocrystals as potential laser chromo- 
phores directly in solution, avoiding further sample processing 
required for film preparation. Lasing in a similar configura- 
tion at room temperature was also observed for the spherical 
QDs while previously detection of lasing in solution was un- 
successful. While for QDs the lasing is not polarized, for 
quantum rods we detected a linearly polarized laser signal di- 
rectly related to their symmetry. 
' The cylindrical microcavity, comprising an optical fiber (ra- 
dius r = 62.5 urn) within a glass capillary tube (inner radius 
100 jim), is shown schematically in Figure lc, left inset. ful Cy- 
lindrical or spherical microcavities have extremely low loss 
whispering gallery modes (WGMs) due to light trapping by 
total internal reflection at the cavity boundaries.* 15 * This, ac- 
companied by the fast cavity round trip times, makes them 
suitable laser cavities for semiconductor quantum rods and 
nanocrystals. The cylindrical microcavity configuration we im- 
plemented was recently used with a Rhodamine 6G dye solu- 
tion as the laser active medium, occupying the space between 
the fiber and enclosing capillary tube. 1 " 1 Evanescent wave 
coupling and optical mode confinement were achieved for the 
fiber with a refractive index higher than that of the surround- 
ing dye solution. Low threshold pump levels for the dye were 
observed, due to the ultrahigh microcavity quality factors (£2). 
The lasing in this microcavity is based on the gain in the eva- 
nescent field region of WGMs near the fiber surface. Each 
WGM is characterized by the azimuthal mode number n y and 
the radial mode order /. In our experiments the microcavity 
was pumped from the side using the second harmonic of a 
Nd-YAG laser at 532 nm (beam radius w - 0.3 mm), with the 
emission collected at 90" and detected using a spectrograph/ 
charge coupled device (CCD) setup. All experiments were 
carried out in ambient conditions. 

Figure 1 presents results of lasing for CdSe/ZnS quantum 
rods* along with their structural and optical characteristics. 
The quantum rods were grown using the well-developed 
methods of colloidal nanocrystal synthesis utilizing high-tem- 
perature pyrolysis of organometallic precursors in coordinat- 
ing solvents^ 16 * 17 ! and are overcoated by hexadecylamine 
(HDA) and trioctylphosphine oxide (TOPO). The rod-shell 
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fig. 1. a) TEM image of The quantum rod sample (scale bar 50 nm). b) The 
absorption (solid line) and emission (dot-dashed line) for the quantum rods in 
solution, c) Emission spectra for the quantum rods loaded in the microcavity at 
different pump powers. The peak at 233 eV is the residual scattering of the 
pump laser. The pump intensities from low lo high are: 0.016 mJ, 0.03S mJ, 
0.075 mJ, 0.0&S mJ, 0.10 mJ, 0,15 mJ, 0.19 mJ. The narrow peak at 1.98 eV 
emerging above the fluorescence is the laser signal that appears at a threshold 
pump level of -0-08 mJL The right inset of (c) displays the intensity of the lasing 
peak (filled squares) and the fluorescence peak (empty circles) versus Ihe pump 
power. Lasing shows a clear threshold behavior as accentuated by the solid 
lines. The left inset in (c) is a schematic top view of the cylindrical microcavity 
experimental setup as described in the text, with the gray shaded area repre- 
senting the quantum rod solution occupying the volume between the fiber and 
inner capillary walls. 

configuration was chosen since the growth of ZnS on the or- 
ganically coated CdSe quantum rods enhances the fluores- 
cence quantum yield from -2 % to 14 %, The shell, composed 
of ZnS that has a bandgap enclosing that of CdSe, passivates 
potential surface traps that in the organically coated CdSe 
rods provide efficient non-radiative decay routes for the ex- 
cited charge carriers, and therefore enables more easily the 
achievement of population inversion required for lasing. 

A transmission electron microscopy (TEM) image of the 
quantum rods deposited on a grid from a solution of hexanes 
is presented in Figure la. Good size and shape monodisper- 
sivity is observed, demonstrating the extent of control over 
the sample preparation. The average nanorod length is 25 nm, 
with an average diameter of 4 nm. The monodispersivtty as- 
sists the achievement of lasing by reducing the inhomoge- 
neous spectral broadening of the gain profile. The optical 
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characteristics of the nanorod sample are summarized in Fig- 
ure lb. The absorption spectrum of the quantum rods in solu- 
tion (solid line) has an onset at -2.1 eV t considerably blue 
shifted compared with the bulk CdSe gap (at 1.7 eV), The 
bandgap in quantum rods is strongly dependent on the small- 
est dimension— the diameter at which quantum confinement 
is most significant, with a weak dependence "on lengthJ 18 * 
Upon excitation at 532 nm, a well-defined photo luminescence 
(PL) peak of bandgap emission centered at 2.0 eV is observed 
(dot-dashed line. Fig. lb). 

In Figure lc, emission spectra collected from the cylindrical 
microcavity, loaded with a quantum rod sample in hexanes, 
are shown for several laser excitation intensities where each 
spectrum corresponds to a single laser shot. The peak at 
2.33 eV is due to scattering of the pump laser. At low excita- 
tion intensities (e.g., 0.016 mJ), the spectrum resembles that 
measured for the quantum rods in solution (Fig. lb). At high- 
er intensities, changes in the spectral shape are observed. 
Most significantly, above -0.08 mJ a narrow, peak clearly 
emerges at 1.98 eV, to the red of the fluorescence peak. This 
narrow peak signifies lasing from the quantum rods in the 
cylindrical microcavity. The dependence of the intensity of 
the lasing peak on pump power is shown in the right inset of 
Figure lc (filled squares), along with the dependence of the 
fluorescence peak intensity (empty circles). The lasing peak 
intensity exhibits an abrupt change of slope at the onset of 
laser action, while at the same time the peak fluorescence 
intensity is in effect saturated. This threshold behavior of the 
laser peak intensity provides an additional important signa- 
ture of lasing/ 191 

Figure 2 shows a sequence of high-resolution single-shot 
emission spectra measured at an excitation level well above 
threshold. Each spectrum exhibits a detailed peak structure of 
discrete lasing modes in a similar spectral range, with intensi- 
ties much higher than that of the background fluorescence. 
Each peak corresponds to lasing in a WGM of the microcav- 
ity, with different azimuthal mode number n, The average 
peak spacing is 0-65 nm. This value is in good agreement with 
the theoretical separation between WGMs with consecutive n 
values corresponding to ~A„ 2 /(m 2 2nr), with m 2 = 1.455 the 
refractive index of the fiber and X n the detected mode wave- 
length. These results, along with the data discussed in the pre- 
vious paragraph, provide unambiguous confirmation for las- 
ing from the quantum rods in the microcavity. The choice of 
hexanes as solvent with index of refraction m y = 1375 affords 
the proper conditions for optical confinement of the WGMs 
near the fiber surface, and the high Q of the cavity provides 
the necessary conditions to achieve lasing, overcoming the 
competing non-radiative loss mechanisms. Among the loss 
mechanisms, Auger quenching has been reported to be 
-300 ps for CdSe nanocrystals with a diameter similar to that 
of the quantum rods, 1201 and may also be a significant loss 
mechanism in this case. 

Consecutive spectra exhibit intensity variations between 
the different lasing modes that may be due to the high sensi- 
tivity of the WGMs to the local surface quality of the fiber. 
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"Fig. 2. Representative single-shot high-resolution cm ission-lasing spectra of the 
quantum rods in the cylindrical microcavity pumped well above threshold. Shot 
number is indicated Each spectrum shows clearly discrete peaks corresponding 
to lasing in WGMs of the microcavity. 



Eventually, after tens of shots and at higher pump levels, the 
modes decrease in intensity until finally they are quenched 
due to burning of the illuminated spot. It is then possible to 
move to a different position on the long axis of the microcav- 
ity and observe lasing again. However, lasing could not be ob- 
served in every spot and threshold levels varied by a factor of 
up to 5, Furthermore, the spectra, all showing discrete WGMs 
with similar spacings, differed slightly in the central wave- 
length position and relative intensities of the different modes. 
These changes are attributed to the local quality of the fiber 
surface or cleanliness of the microcavity. 

As an interesting point of comparison, we also examined 
lasing in the cylindrical microcavity configuration from a so- 
lution of spherical CdSe/ZnS core-shell nanocrystals pre- 
pared as published previously.* 21-231 The left inset of Figure 3 
depicts the core-shell absorption spectra (solid line), portray- 
ing several discrete transitions typical of the atomic-like 
highly monodisperse QDs. Compared with quantum rods 
(Fig. lb), the absorption spectrum for the dots is more struc- 
tured due to the more discrete nature of their density of 
states above the bandgap. The left inset also shows the PL 
spectra (dot-dashed line), exhibiting a peak of bandgap emis- 
sion centered at 2.2 eV with a high quantum yield (60%). 
The gap is shifted further to the blue compared with the 
quantum rods, due to the smaller diameter of the core in 
these nanocrystals serving as a demonstration of the micro- 
cavity laser color tunability afforded through control of the 
nanostructure size and shape. 
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Fig. 3. Lasing in CdSe/ZnS core-shell nanocrystaJ* Above -3 mJ, a narrow tak- 
ing peak appears at 2,16 eV (the peak at 2.33 eV is the scatter from the pump 
laser). The pump levels from low lo high are: OS mJ, 0.8 mJ. 1.4 roJ. 2.5 mJ, 
3.4 mJ, 4.3 mJ, 4.8 mJ. The right inset shows the intensity of the lasing peak 
{filled squares) and the normalized intensity of the fluorescence at 2.21 eV 
(empty circles) versus the pump power. Lasing shows a dear threshold behavior 
as accentuated by the solid lines. The left inset shows the absorption (solid line) 
and emission {dash-dotted line) spectra for the nanocrystals in solution. 

For the hexanes solution of nanocrystals in the microcavity 
at low pump powers, we observed the typical emission spec- 
trum as can be seen in Figure 3. At higher excitation powers, 
as for the quantum rods, a narrow lasing peak is clearly ob- 
served emerging on top of the envelope of the fluorescence 
spectrum. A distinct threshold behavior is exhibited, as shown 
in the right inset of Figure 3. At higher resolution we could 
clearly resolve the lasing in discrete WGMs as in the quantum 
rods (Fig. 4a). Pump-probe experiments revealed induced ab- 
sorption features in the region of potential gain for the QDs 
in solution and were thought to limit the possibility of achiev- 
ing lasing in this medium.* 133 However, in these experiments 
the nanocrystals were excited far to the blue of the bandgap 
while here the pump is closer to the bandgap. Lasing was 
achieved here by pumping the nanocrystal solution with a 
nanosecond laser source, due to the favorable conditions af- 
forded by the cylindrical microcavity. This clearly demon- 
strates an important aspect of the cylindrical microcavity con* 
figuration used here. The relative simplicity of the setup 
utilizing a commonly available nanosecond pump laser source 
with the sample directly in solution provides straightforward 
means for screening colloidal nanostructured materials as po- 
tential laser chromophores. 

The remarkable control over the particle shape allowing the 
preparation of quantum rods directly impacts their optical 
and electronic properties. 1101 Figure 4 shows the results of po- 
larized emission measurements from the cylindrical microcav- 
ity loaded with nanocrystals (Fig. 4a), versus quantum rods 
(Fig. 4b). The pump laser was polarized parallel to the micro- 
cavity axis, and we measured the emission polarized either 
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Fig. 4. Polarized emission measurements for lasing in nanocrystab (a) and 
quantum rods (b). "The pump laser is polarized parallel to the cylindrical micro- 
cavity axis. Spectra for the W configuration (detection polarization parallel to 
the pump polarization) arc in magenta, while spectra for the VH configuration 
(detection polarization perpendicular to Ihe pump polarization) arc in blue. 
Lasing in nanocrystals shows no polarization dependence, while in quantum 
rods the lasing is clearly linearly polarized. 

parallel (VV, denoted by vertical arrow, magenta color) or 
perpendicular (VH, horizontal arrow, blue color) to this axis. 
Spectra for W or VH configurations were measured in con- 
secutive shots. For QDs, the VH and VV spectra presented in 
Figure 4a show lasing in similar WGMs but with varying in- 
tensities. These kinds of fluctuations were observed also for 
consecutive shots measured at the same polarization. Taking 
into account the tens of shots measured either in W or VH, 
we could not detect essential intensity differences between 
lasing in the different polarizations for the QDs. In contrast, 
the lasing from quantum rods is highly linearly polarized as 
can be seen clearly in Figure 4b. While for the VH case only 
residual WGMs were resolved, in V V we detected strong dis- 
tinct modes showing that the lasing in quantum rods is linearly 
polarized parallel to the cavity and the pump laser axis. This 
difference between quantum rods and dots is directly related 
to the nanostmcture shape, representing a fundamental dis- 
tinction between the quasi-one-dimensional rods versus the 
zero -dimensional QDs. The linearly polarized lasing appears 
even though the quantum rods are randomly oriented in the 
solution. The lasing for Rhodamine dye in the cylindrical mi- 
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crocavity is also polarized' 14 ! anc j y \ n <jye | ase rs in general, the 
lasing polarization is known to be parallel to the polarization 
of the pumping beam. The polarized lasing arises because of 
photoselection by the linearly polarized pumping process, 
which in effect induces sufficient partial orientation for the 
emitting dipoles. Alignment of quantum rods by elecrric 
fields, for example, may further improve the optical gain char- 
acteristics, 

Lasing was detected for colloidal CdSe quantum rods and 
nanocrystals in solution. The straightforward cylindrical mi- 
crocavity setup used can facilitate rapid and efficient screen* 
ing to identify the major determining factors for the function 
of colloidal nanostructures in laser applications. This informa- 
tion can be implemented in future formulations of improved 
samples with tailored properties for laser action. There are 
differences between quantum rods and QDs that may prove 
advantageous for the utility of the rods as laser chromophores. 
The non -resonant Stokes shift between absorption and emis- 
sion is larger in rods compared with dots, leading to decreased 
reabsorption losses. Further, the Auger rates in rods may be 
smaller because of their larger size while still allowing color 
tunability through control of the rod diameter. Finally, quan- 
tum rods show linearly polarized lasing, a significant differ- 
ence .compared with QDs for which lasing is not polarized. 



Experimental 

Materials Used for Quantum Rod Synthesis: Anhydrous hexanes, toluene, 
methane], Se powder (99,990 %), trioerylphosphiiie oxide (TOPO, 90 %), trioc- 
tylphosphine (TOP, 95%), tributylphosphmc (TBP, 99%). hexadecy] amine 
(HDA. 95%), and dicthylzinc (ZnEt 2 . 1 M in hexane) were purchased from 
Aldrich and used as received aside from TOP, which was dislilied under vacu- 
um. Dime thy lea dmium (CdMei) was purchased from St rem and purified by 
vacuum transfer, Bis(trimethytsUy[) sulfide ((TMS) 2 S) was purchased from Flu- 
ka. Tetradecylphosphonic acid (TDPA) was purchased from alfa. 

Typical Quantum Rod Preparation: 4 g of TOPO and 0.4 g of TDPA were 
heated to 360 °C and vigorously stirred. The Cd stock solution (0,16 g CdMe 2 + 
0,34 g TBP) was added to the flask over about 10 s. Afler 60 s, 1-5 g of Se stock 
(0.15 g Se + J. 35 gTBP) was injected rapidly, resulting in the immediate nuclc- 
ation of quantum rods. The temperature was decreased to 250 D C for rod 
growth. After 20 min, new Cd stock (0.0303 g Cd + 0.12 g TBP ) was added to 
the reaction and 2 min Jater $e stock solution (0,017 g of Se * 0,13 g of TBP) 
was added dropwise. Such sequences of secondary injections were repeated 
three limes and the reaction was stopped by cooling the flask. After cooling. 



the ZnS shell was grown in the same flask: 2 g of HDA was added and the flask 
was healed to 170 <C A significant increase in PL quantum yield was observed. 
The Zn/S slock solution was prepared by dissolving 100 uL of bis(trimethylsilyl) 
sulfide and 230 uL of diethylzinc (1 M in hexane) in 2 mLTOR 1 mL of the so- 
lution was added dropwise (0,2 mL doses at 10 min intervals) to the vigorously 
stirred solution of CdSe quantum rods and the solution was cooled and main- 
tained for 1 h at y0 c C The CdSe/ZnS quantum rods were precipitated with 
methanol, scpaniled by cemrifugation, and dispersed in hexanes for optical 
measurements. 

Preparation of Capillaries: Typically -3 mg of quantum rods or nanocrystals 
were dissolved in 100 uL of anhydrous hexanes forming a highly concentrated 
solution. The solution was sonicated briefly to betttfr dissolve the particles. A fi- 
ber segment was inserted into the capillary tube and Ihe solution was loaded by 
capillary action. 
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Molten alloys under high pressure were used to obtain fibers with long internal electrodes that are solid at 
room temperature. An integrated Mach-Zehnder interferometer was constructed from a twin-core twin-hole 
fiber that permitted application of an electric field preferentially to one of the cores. Good stability and 
a switching voltage of 1.4 kV were measured with a 1-m-long fiber device with a quadratic voltage depen- 
dence. €> 2002 Optical Society of America 
OCIS codes: 060.4370, 190,4360. 



With the growing importance of optics in access 
and metro networks, the need for inexpensive high- 
performance optical components becomes more acute. 
With fiber-based devices, one can exploit the qualities 
associated with the fibers developed for transport 
applications, such as low cost per meter, excellent 
transparency, reproducibility, and stability. This ca- 
pacity adds to the obvious compatibility of such devices 
with the fiber network in splicing and mode matching. 
Fiber modulators and switches would therefore be 
an attractive alternative to their semiconductor and 
fcrroelectric-crystal-based counterparts. The low 
intrinsic (third-order) nonlinearity of fibers has been 
exploited in a number of instances in Kerr-effect fiber 
modulators. 1,2 Poled fiber devices with a thermally 
induced effective second-order nonlinearity have also 
been demonstrated. 3-6 Although progress has been 
made, even after poling the typical voltages required 
for switching in glass-based devices are still too high 
for commercial exploitation. Ways to improve the ef- 
ficiency of electro-optic fibers are to record very large 
electric fields by poling (5 x 10 s V/m) and to increase 
the nonlinearity of the material by special doping. A 
complementary approach is to make longer devices. 
This approach raises the problem of how to obtain 
fibers with long internal electrodes. The already- 
developed technique of side polishing fibers with 
holes and inserting thin wires 7 brings the important 
benefit of not hindering splicing. However, this wire- 
insertion technique requires skill and is time consum- 
ing (i.e., costly). Further, the position of the wire 
in the holes varies along the fiber and from device 
to device, leading to uncertainty in the performance 
before and after poling (varying electric field and 
impedance along the fiber). The use of long-fiber 
devices also increases the problems of thermal and 
mechanical stability. To transform phase modula- 
tion into amplitude modulation, it is usual to use 
Mach-Zehnder fiber interferometers comprising two 
fiber couplers and two independent arms, one of which 
contains the electro-optic device. Environmental, 
thermal, mechanical, and acoustic fluctuations lead 
to time variations in the interferometer, even for zero 
driving signal. Further, the cost of the fiber device 
increases with the number of required components and 
with the degree of difficulty in packaging for noise 
compensation. 



In this Letter, details are given of a simple technique 
that permits fabrication of long-fiber devices with in- 
ternal electrodes that are solid at room temperature. 
An integrated Mach-Zehnder interferometer that con- 
sisted of a single twin-core fiber with two internal elec- 
trodes was designed. Preliminary experiments with 
such an arrangement are also presented. 

The electrode fabrication technique consists of 
heating an alloy with a relatively low melting point 
in an oven so that a liquid is available. One end of 
the fiber with holes is inserted into the molten metal, 
and the other end is kept free in the atmosphere, as 
shown schematically in Fig. 1. The liquid metal is 
contained in a small crucible in a sealed cell that is 
pressurized. In this way the liquid metal is forced up 
into the fiber. The difference in pressure can greatly 
exceed the 1 atm of pressure that is obtained with 
vacuum. The technique of pressurizing or sucking 
liquids into silica fibers and capillaries was previously 
used in various fields and to make fiber components 
(see, for example, Ref. 8). For the experiments re- 
ported here, two different cylindrical pressure cells 
were constructed, with a typical length of —10 cm 
and an internal diameter of -2.5 cm, A lid with 
a small hole H-mm diameter) through which the 
fiber passed was provided. The lid scaled the cell 
hermetically, and a conical Teflon piece was squeezed 
around the fiber and against " the lid, preventing 
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Fig. 1. Schematic diagram of the metal-insertion tech- 
nique. The fiber cross section is also shown. 
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leakage. It was found that the compressed air avail- 
able in the laboratory at 8 atni was sufficient to push 
at least 22 m of metal into the fibers (the longest 
device that was made). Therefore, no attempts were 
made to use higher pressure or to use purer or less- 
reactive gasses, such as Ar. 

Various types of alloy were inserted into fibers. For 
most experiments, an euthetic alloy of Bi (43%) and 
Sn (57%) was used. The melting temperature of this 
alloy was 137 "C, which allowed us to keep the acry- 
late primary coating intact while filling the holes with 
the molten metal. The oven was normally heated to 
170 °C* Figure 2 shows the protruding electrodes af- 
ter the fiber was stretched and cleaved. It is clear that 
the metal electrode is smooth and continuous. If the 
fiber was reheated, the volume change of the alloy on 
melting was sufficiently small for the contact not to be 
broken when the alloy underwent a phase transition. 

The time taken to fill the fiber with the molten al- 
loy depends on the hole size, type of alloy, temperature, 
and pressure. Typically, a 1-m-long fiber device was 
filled in less than 1 min. Fibers with outer diame- 
ters of 125 and 150 jum were filled with the setup, 
and the hole size ranged from 20 to 40 /zm. We ob- 
tained access to the internal electrodes by side pol- 
ishing the fiber with a 2.8-cm-diametcr brass cylinder 
covered and 2400-mesh sandpaper. The cylinder au- 
tomatically revolved backward and forward by almost 
a turn. To avoid fiber breakage, we prevented the 
sandpaper joint from contacting the fiber by use of two 
position sensors. The cylinder was also automatically 
translated so that abrasion would take place uniformly 
along the polishing surface. Typically, the electrodes 
were exposed after 2 min, and the fibers were polished 
with the primary coating still on. Electrical contact 
was made with a thin wire or with conductive epoxy. 

Splicing the fibers with holes to standard telecom- 
munications fibers gave nonoptimized losses of —1 dB, 
It was found necessary to avoid having metal alloy near 
the fiber surface that was to be spliced. The usual 
technique used to prevent the metal from extending to 
the fiber end was to have a length of the fiber outside 
the oven, as shown schematically in Fig. 1, The other 
side {initially filled) could be conveniently emptied by 
means of pressing the molten metal further into the 
fiber without supplying new metal (e.g., by removal of 
the crucible from the pressure chamber}. 

As mentioned above, phase modulation is usually 
transformed into amplitude modulation with a fiber 
Mach-Zehnder inteferometer (MZI) that comprises 
two couplers and two independent optical paths. 
The twin-core fiber design shown in Fig. 1 allows 
coupling of light between eores through the evanescent 
wave. Since any electric field established between 
the electrodes is preferentially applied to one of the 
cores, the entire interferometer is embodied by a 
single piece of fiber. Therefore, in principle it should 
be possible to perform amplitude modulation with 
a fiber MZI spliced between two pieces of standard 
telecommunications fiber. The main disadvantage 
of integrating the MZI is that the twin-core fiber is 
generally a single output port device, because it is 
difficult to obtain access to both cores with spliced 



fibers. On the other hand, the proximity of the 
cores also makes the interferometer insensitive to 
thermal, acoustic, and mechanical noise. The main 
advantages of integrating the MZI, however, are its 
potential simplicity and low price. 

A preliminary fiber was drawn, and tests were 
carried out. The schematic setup is illustrated in 
Fig, 3, The two cores had a center-to-center separa- 
tion of —21 ^<m. The two holes had a diameter of 
—24 /mi and center-to-ccnter separation of 62 jim. 
The separation between the electrodes surrounding 
the core that was subjected to the electric field was 
approximately 46 /im. The cores were designed to 
have an ~8-/im diameter, but during fiber fabrication 
one of the cores lost its original round shape. The 
outer diameter of this fiber was 150 /*m. Numerical 
simulations showed that the beat length at 1.55 
increased from 10 cm for 20-^tm center-to-center core 
separation to 1 m for 26-/u,m separation. Increasing 
the distance between the cores makes it easier to 
subject the electric field preferentially to one core 
only. However, it becomes difficult to guarantee 
efficient coupling of light between cores, because the 
geometrical dimensions and refractive indices of the 
cores must match to an accuracy of within 0.1%. 

An — 1.5-m-long fiber piece was filled along 1 m with 
molten metal that was allowed to solidify at room tem- 
perature. Contacts were established by side polishing 
of the fiber, as described above. The electrodes did 
not extend to the end of the fiber, preventing electri- 
cal breakdown. In the tests, light was not intended to 
couple between cores, so the stringent fabrication re- 
quirements mentioned above were bypassed. Rather, 
an unfocused 63 3-nm- wavelength He— Ne laser beam 
illuminated one fiber end so that both cores were ex- 
cited. Light propagated as two independent beams 
guided by the twin cores to the output side and ex- 
ited the fiber, diffracting. After weak collimation, the 




Fig. 2. Fiber with holes showing protruding electrodes in- 
serted in molten form at high pressure. 
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Fig, 3. Experimental setup. A single fringe is detected 
after the slit. Det, detector. 
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Fig. 4. Intensity of the optical signal detected after the 
slit as a function of (a) applied voltage to the MZI fiber 
and (b) applied voltage squared. 

far-field pattern consisted of interference vertical lines 
if at the fiber output the two cores were diposed along a 
horizontalplane. Provided that the fiber was cleaved 
and aligned properly, the pattern observed was suffi- 
ciently clean, m spite of the fact that the fiber was mul- 
timode at this wavelength and that one of the cores was 
not round. A single fringe was detected with a photo- 
multiplier through a 0.5-mm-wide slit. 

The fiber was not poled. Rather, the weak intrin- 
sic Kerr nonlinearity was exploited. The optical sig- 
nal measured without the application of voltage was 
quite stable in time (2.7% standard deviation in power 
level without further packaging). The voltage was in- 
creased and reduced manually a number of times, and 
all the data were recorded. Figure 4(a) shows a plot 
of the optical signal measured as a function of voltage, 
and Fig. 4(b) illustrates the signal detected as a func- 
tion of the square of the applied voltage. The period- 
icity seen in Fig. 4(b) confirms the expected quadratic 
dependence, and the required voltage for a tt shift is 
measured to be 2 kV 2 , which implies that V* ~ L4 kV. 
Assuming for simplicity that the electric field created 
by an applied DC voltage is uniform between the elec- 
trodes, the voltage required for the optical paths of the 
two arms to become different by Ahc-Nc/ 2 is given by 

V w = [nAd 2 /6Lx™r 2 , (1) 



where d is the electrode separation and L is the 
device length. Assuming that in the unpoled 
fiber x m ~- L9 x 10 ~ 22 m 2 /^ we estimate that 
W — 1.3 kV. The good agreement with the measured 
value is somewhat coincidental, since there is a large 
uncertainty caused by the noncircular core shape and 
the nonuniform electric field distribution and possible 
contributions caused by electrostrictive effects* 9 

A short-wavelength laser was used in the test de- 
scribed above. For the large core spacing of the fiber, 
no light coupling was expected between the cores at 
this wavelength, even if their shapes were round and 
identical. More-comprehensive testing will require a 
fiber fabricated with a cross section closer to that il- 
lustrated in Fig. 1. Poling studies are also under way 
to reduce the voltage required for switching. 

In conclusion, the technique presented for obtaining 
fibers with solid internal electrodes helps in fabricat- 
ing long devices with a scalable procedure for cheap 
manufacture. The twin-core twin-hole fiber design 
that was presented should also contribute to the effort 
to make stable low-cost electro-optic fiber devices. 
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ABSTRACT 

This Account summarizes techniques for carrying out microfab- 
rication of structures with dimensions down to 10 pm in micro- 
channels that are 0.02-2 mm wide. These methods are largely 
based on the exploitation of laminar flow at low Reynolds number 
[Re) to control tne spatial delivery of reagents. These methods are 
Illustrated by fabrication of fibers, microelectrode arrays, arrays of 
crystals, ana patterns of proteins and cells. 

Introduction 

Channels that are 0.02-2 mm wide— channels which, in 
this Account, we call almost interchangeably " micro chan- 
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nels" or "capillaries"— can be considered as reaction 
vessels with two unusual characteristics. First, their inte- 
rior volumes are small, but readily and rapidly accessible 
from the outside by pumping fluids or gases into them. 
Second, fluids moving in them at low to moderate 
velocities flow larninarly, that is, without turbulence. This 
laminar flow can be used to deliver reagents spatially 
inside capillaries with remarkable precision. These char- 
acteristics, combined with the ease with which micro - 
channels can be assembled and disassembled using soft 
lithography and other techniques, suggest them as a new 
system of reactors with which to cany out microfabrica- 
tion. 1 

This Account summarizes projects in our two labora- 
tories that are aimed at developing techniques for micro- 
fabrication that use microchannels as reactors. We had 
two objectives. First, we wished to use the small volume 
of the microchannel to generate microstructures that 
would be removed once formed and used independently 
of the channel in which they were formed; that is, the 
microchannel would serve as a reactor for the fabrication 
of a structure to be used elsewhere. Second, we wished 
to fabricate small, functional structures inside capillaries, 
with the intention of leaving the structures in place once 
fabricated. These structures would be integrated with 
other uses of the channel (for example, as microelectrodes 
in a microanalytical system in which separations are 
carried out in the capillary). The techniques that are 
reviewed in this Account provide routes to structures that 
are difficult to fabricate by other techniques. These 
methods are especially useful in handling proteins, cells, 
and other delicate biological structures. 

To accomplish either task, it is necessary to perform a 
set of elementary operations: (i) transfer reagents from 
reservoirs outside the channel to the inside; [ii) deliver 
these reagents to locations where reactions are to occur; 
(iii) allow or cause the desired reactions; and (iv) remove 
waste products from the regions where reaction takes 
place. We have used fluids to accomplish these operations. 
In principle, one could also work with gases, although 
their distinct physical properties— for example, high dif- 
fusion constants— make their application in fabrication 
inside microchannels more challenging than that of 
liquids. 

We organize this Account into four sections. In the first, 
we give a brief overview of the technologies that have been 
used to carry out microfabrication in microchannels. In 
the second, we review the characteristics of liquid flow in 
capillaries at low and high values of the Reynolds number, 
Re. The emphasis in this section is on the potential of 
laminar or near-laminar flow as a strategy to control the 
spatial delivery of reagents inside small channels. This 
strategy can be adapted either to a single liquid stream, 
or to two or more different streams of liquid in laminar 
flow. In the third, we describe examples of microfabrica- 
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Table 1. Techniques Used for iYJicrofabrication inside 



MicroChannel 

Strategy for Microfabrication Heferen ce 

Process or Technology 

M ultilayer Ph oto lith ography 2 

Single-Stream Liquid Flow 

Chemical Vapor Deposition 3 

Light Tweezers assisted Deposition 4 

Polymer Deposition 8 

Electroless Deposition 9 

Electrochemical Fiber Growth 10 

Etc hi ng of Optica I Fi bers ! 1.12 

Micromolding in capillaries (MIMIC) 13-17 

Deposition of Proteins 18 

Multiple-Stream Liquid Flow 

Electroless Deposition 20 

Etching . 20 

Nucleation and Crystallization (CaCO^) 20 

Deposition of Proteins 24 

Deposition of CeJ Is 24 



tion that use a single stream of liquid. In the fourth, 
wesketch applications of microfabrication (and closely 
related methods used for rnJcropatteniing of bacterial and 
mammalian cells} based on multiple streams of liquid in 
laminar flow, 

I. Overview of Microfabrication in 
Microchannels 

Table 1 lists technologies (including our own) that have 
been used to carry out microfabrication in capillaries. 
Conventional photolithography is the basis of the methods 
most commonly used to fabricate microchannels contain- 
ing functional microstructures. 2 In this type of fabrication, 
the capillary and its internal features are generated by a 
series of planar pattern-transfer steps. Until recently, there 
were few alternatives to photolithography (and the pro- 
cesses intimately associated with it: evaporation* CVD, 
RIE, lift-off, and others). Miyagi et aL have, for example, 
patterned the inner walls of hollow waveguides by chemi- 
cal vapor deposition of dielectric films consisting of Cu 2 Q. 3 
Renn and. Pastel have- shown that laser-induced forces 
(light tweezers) can be used to manipulate and position 
atoms, clusters, and micrometer- sized particles (e.g., NaCl 
and KI crystals) inside hollow optical fibers. 4 

li. Laminar and Turbulent Flow of Liquids: The 
Reynolds Number 

The Reynolds number, Re = vlplp, characterizes the 
tendency of a fluid to develop turbulence, or to flow 
without turbulence (that is, laminarly)* 5 Here, p is the 
density in kilograms per cubic meter, js. is the viscosity in 
kilograms per meter per second, I is the diameter of the 
capillary in meters, and v is the flow rate in meters per 
second. The value of Re at which flow changes from* 
turbulent to laminar depends on the geometry of the 
channel. For a straight pipe, this transition occurs at Re 
2100. Flow past an object or flow in a channel in which 
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FIGURE 1. Optical micrograph of two-phase laminar flow: two 
aqueous phases, each colored with a different dye (black ink and 
Congo red), brought together with a "Y" junction in an elastomeric 
mi crof luidic system, 

the geometry changes, however, develops eddies at lower 
Reynolds numbers {Re & 40-300). Liquid flows in capil- 
laries (that is, tubes having small values of /; / ^ 50—100 
j«m) often have low values of Re and are therefore laminar, 
even for liquid flow velocities as high as 0.5 m s' 1 . Most 
usefully, two or more streams that are brought together 
in a narrow channel flow laminarly, in parallel, without 
turbulent mixing (Figure 1). The only mechanism of 
mixing of their components is diffusion across the inter- 
face between the streams. 

Laminar flow permits control of the spatial delivery of 
reagents within a capillary. The application of different 
chemistries from different streams of a multiphase, lami- 
nar flow system allows reactions to take place exclusively 
at certain regions of the capillary: either between a stream 
and the interior surface of the capillary, or at the interface 
between adjacent streams. Levin et al. pioneered the use 
of laminar flow in microfluidic devices to fractionate 
samples by taking advantage of the fast diffusion of small 
molecules or ions from one stream into an adjacent 
stream, relative to the slow diffusion of proteins, colloids, 
etc. 6 Weigl and Yager implemented these principles 
elegantly in a micromachined device for the analysis of 
heterogeneous biological samples such as blood by taking 
advantage of the fast diffusion of analyte molecules from 
the sample stream into an adjacent stream that contained, 
for example, a fluorescent indicator. 7 

In small capillaries, turbulent flow of aqueous solutions 
(or eddy-like flow in the region of transition from laminar 
to turbulent) occurs only at high velocities of flow. 
Turbulence facilitates mass transport. Tn laminar flow, the 
only mechanism for mixing is diffusion. This difference 
in mechanisms and rates of mass transport can be used 
to increase the rate of delivery of reagents to specific 
regions inside a capillary where flow is turbulent, and thus 
to increase the rate of chemical reaction in the turbulent 
regions, relative to regions where flow is laminar* 

111. Microfabrication Using Single Streams of 
Liquid in Microchannels 

We distinguish different methods of fabrication inside 
microchannels using a single stream of liquid: one that 
results in a uniform modification of the inner surface of 
the capillary, and several others that allow for fabrication 
with spatial resolution. 

Uniform In-Channel Coatings. A uniform coating— 
either covalently attached or physically adsorbed—on the 
inner surface of capillaries can easily be achieved from a 
single liquid stream— laminar or turbulent— that contains 
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FIGURE 2. (A) Schematic diagram of the electrochemical flow cell 
used to grow single-phase conducting polymer fibers. (B) Optica! 
micrograph of a zigzag polyB-methylthiophene) fiber grown in a 
zigzag glass capillary, <C) SEM image of a fracture cross section of 
a poly(3-methyfthiophene] fiber* (D) Schematic diagram of the 
electrochemical flow cell used to grow composite Kevlar/conducting 
polymer fibers. (E) Optica! micrograph and (F) SEM image of Kevlar/ 
polypyrrole composite fibers. 

the necessary chemicals. This strategy is frequently used 
to produce coatings: examples include organic films that 
reduce sticking of proteins in capillary electrophoresis 
capillaries 8 and metal films (by electroless deposition of 
silver) with polymer coatings inside hollow waveguides 
to reduce optical losses. 9 

Conducting Polymer Fibers- An example of fabrication 
from a single homogeneous stream that creates a free- 
standing microstructure is the electrochemical processing 
of conducting polymer fibers. 10 Figure 2A shows an 
electrochemical cell used to synthesize macroscopically 
long fibers of polypyrrole and poly(3-methylthiophene), 
Hydrodynamic flow patterns inside a 2-mm-diameter glass 
tube (separating the anode and cathode) are employed 
to control both the spatial direction and the rate of 
polymerization. A solution containing the monomer flows 
through the cell at an average velocity between 10 and 60 
cm s" 1 (corresponding to 700 < Re < 4200). Nucleation 
and growth of a single conductive fiber from the anode 
in the direction of flow occur when an electrical current 
(—1 mA) is passed between the electrodes. Controlling the 



applied current or che flow velocity in the glass tube 
controls the rate of polymer growth as well as the shape 
of the resulting fiber: The application of larger currents 
typically resulted in faster growth of uniform fibers with 
larger diameters, whereas high flow rates (~50 cm s ] ) 
resulted in nonuniform, cone-shaped fibers. Polypyrrole 
and poly(3-methylthiophene) fibers of 10 cm length and 
between 0.01 and 0,1 cm diameter have been grown using 
this one-step process [Figure 2B,C) with a wide variety of 
shapes (e.g., tapered fibers, zigzag-shaped fibers) by 
changing the shape of the glass tubing. 

The key element of this procedure that gives directional 
polymer growth is the coupling of the flow patterns with 
mass transport of the monomer to the surface. Hydrody- 
namic flow past the tip of the growing fiber produces a 
relatively stagnant boundary layer or a recirculating flow 
in which intermediates produced by chemical reaction can 
be trapped. The result is an increased rate of deposition 
of polymerization intermediates (oligomers) at surfaces 
adjacent to the boundary layer or the fluid eddy, here the 
tip of the fiber. Consequently, the polymer fiber grows 
only along the direction of the flow within the glass tube, 
never touching the sides of the tube. 

Kevlar /Polypyrrole Composite Fibers, Kevlar /polypyr- 
role composite fibers that exhibit excellent electrical 
conductivity and that are flexible and strong— in contrast 
with the brittle polypyrrole and poIy(3-methylthiophene) 
fibers (see above) that break when flexed— have been 
synthesized in electrochemical flow cells using a different 
approach [Figure 2D). 10 A woven Kevlar thread, containing 
70 filaments each of 17 /*m diameter, was suspended 
between the anode and cathode of the cell. When pyrrole 
was oxidized at the anode in the presence of flow (20 cm 
s _1 ), the resulting polymer grew onto the Kevlar thread 
and coated the entire 10-cm length in —20 min. The 
conductive polymer phase deposits uniformly between the 
filaments of the Kevlar thread and produces an electrically 
conductive and flexible composite fiber (Figure 2E,F) that 
may be of interest for antistatic weaves and as flexible 
electrodes for in vivo measurements. 

Near-Field Optical Probes. In a different strategy, 
Lambelet et al. and Stockle et al, have used the film of 
polymer (the cladding layer) on the outside of optical 
fibers as capillaries with 3-200-/*m inside diameters, and 
then used convectively driven laminar flows inside these 
capillaries to fabricate high-quality, near- field optical 
probes with regular conical tips. 1 '- Ia Hanging the ends of 
optical fibers with polymer cladding attached in an 
aqueous phase containing HF resulted in anisotropic 
etching of the glass cores, even without the application 
of bulk flow. The authors explain the formation of conical 
tips inside the cladding capillary by the combination of 
local flows induced by chemically driven convection and 
increases in the density of the solution on dissolution of 
the glass (Figure 3). 

Selective Patterning on Substrates. We have demon- 
strated selective electroless deposition of metallic copper 
on one wall of a rectangular microchannel using a 
variation of the MIMIC ("micromolding in capillaries") 
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FIGURE 3. Fabrication of near-field optical probes by tube etching 
as proposed by Stockle et aL Schematic of the convection mech- 
anism: (A) initial diffusion-controlled etching— more etchant available 
to the outer regions of the fiber—and (B) convection-controlled tip 
formation inside the tube driven by concentration gradients and the 
gravitational removal of reaction products. (C) Optical micrograph 
of an uncoated tip. (D) Scanning electron micrographs of an Al- 
coated tube-etched fiber tip. Top: the glass surface close to the tip 
apex. Bottom: the tip apex. Reproduced with permission from ref 
12. 

technique. 13 The channel consisted of a polyfdimethylsi- 
loxane) (PDMS) membrane with a channel structure 
embossed in its surface placed on a gold -covered sub- 
strate. The channel was filled with an electroless deposi- 
tion solution containing copper ions and formaldehyde 
as the reducing agent. The activity of the gold surface in 
catalyzing the electroless deposition process resulted in 
selective deposition of copper on the wall of the channel 
formed by the gold surface and not on the walls of the 
channel formed by the PDMS mold. 

Similarly, Biebuyck et aL patterned regions of a sub- 
strate with immunoglobulins from a single liquid flow in 
a microfluidic network embossed in PDMS that was 
placed on the substrate. 14 This PDMS mold was passivated 
with poly(ethylene glycol) or bovine serum albumin prior 
to placement on the substrate to avoid deposition of 
immunoglobulins on its surface. 

Arrays of Beads. A related technique also gives access 
to crystalline arrays of 0.1— 3~/*m beads inside 10—100- 
/tm channels. The liquid flow (driven by evaporation from 
one end of the capillary, or by capillary filling of the tube) 
delivered the beads from suspension to a region in which 
they are! in essence, filtered from the flowing stream; this 
flow led to crystalline arrays. Harrison et al. and Manz et 
al. have used such arrays as packed reactor beds in 
microanalytical devices. 15 Xia et al. have exploited related 
flow behavior between narrowly spaced plates to fabricate 
crystalline arrays of beads; these crystals may be useful 
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as macroporous membranes, 16 tunable optical filters, 17 and 
3D photonic band gap materials. 18 

These studies established the concept of using the 
capillary as a small reactor, and identified some of the 
types of chemistry that can be carried out using this type 
of reactor. The range of structures that one can fabricate 
inside microchannels using only a single stream of liquid 
is, however, limited. 

IV. Microfabrication Using Multiple Streams of 
Liquid in Laminar Flow 

Soft lithography allows the fabrication of branching capil- 
lary networks rapidly, so long as the capillaries are >20 
t um in lateral dimension. l * The procedure we use— which 
we call "rapid prototyping"— consists of four steps: (i) 
high-resolution printing of a mask with >20-^m features; 
(ii) photolithography with this rnask to fabricate a bas- 
relief master; (iii) micromoldirig against this master to 
form three sides of the channel system; and (iv) sealing 
to form the complete micro channel It is straightforward 
to create multiple streams of fluids flowing laxninarly in 
parallel inside these channels 20 and to use these streams 
for microfabrication and rmcropatterning by localized 
delivery of reagents from the laminar flows. This method— 
sometimes in combination with the use of prepatterned 
channels— allows fabrication of complex functional struc- 
tures inside preformed capillaries without the registration 
steps required by planar photolithography. 

Microfabrication by delivery of reactants from parallel 
laminar flows generates structures (etched or deposited) 
having edges tapered along their longitudinal direction 
as a result of diffusion transverse to the direction of 
flow. 2CUfi This diffusional broadening can be minimized 
by using high flow rates (v « 0.50 m s" 1 ); high rates of 
flow result in short residence times in the region being 
patterned. The resolution one can achieve depends on the 
details of the process being used for patterning. 

Area-Selective Crystal Growth* A two-stream laminar 
flow can be used for the localized nucleation and growth 
of crystals inside a microchannel. 20 The capillary is 
fabricated by placing a patterned PDMS membrane on a 
gold-coated wafer covered with a self-assembled mono- 
layer (SAM) of HSCCHJisCOOH; this SAM nucleates 
formation of calcite crystals. 21 Figure 4A shows a line of 
calcite crystals— with diameters of 2-5 /^m— that have 
nucleated and grown at the interface between two parallel 
streams, one containing calcium ions (as CaGk) and the 
other containing carbonate ions (as NaHCOJ. 

Patterned Etching of Silver and PDMS. Figure 4B 
shows the result of patterning the inside of a glass capillary 
by electroless deposition of silver from one stream of a 
two-stream fluid flow system. The glass capillary is con- 
nected to a Y-shaped channel in PDMS in order to create 
the two -stream Sow system; the method can be extended 
to four or more streams 22 Figure 4C shows the creation 
of topographical features inside of a PDMS capillary using 
patterned flow of etchant and inert solvent, 23 In general, 
the position (or edges) of the etched or deposited micro- 



Supplied by The British Library - 'The world's knowledge" 



Fabrication inslri& Micro channels Using Fluid Flow Kenis e: a!. 




FIGURE 4. (A) Scanning electron microscopy images of calcrte 
deposited on a self-assembled monolayer at the interface of aqueous 
laminar flows of NaHC0 3 (100 mM, buffered to pH 7.4) and CaCI 2 (25 
mM). (B) Optical micrograph of a glass capillary that has half of the 
inner surface plated with silver, (C) Optical micrograph of topo- 
graphical features created inside of a PDMS capillary using 
patterned flow of NMP (/V-methylpyrolidinane, an inert liquid) and 
TBAF (tetrabutylammoniurn fluoride in NMP; an etchant). Inset 
Schematic cross section of the topographically patterned channel. 

structure can be controlled with a precision dawn to -^5 
pm by adjustment of the relative volumes of the streams 
being injected. 

Three-Electrode System. Figure 5 outlines a two-step 
fabrication of a three-electrode array inside a preformed 
channel. This procedure starts by placing a PDMS mem- 
brane with the "crow's foot" channel system embossed 
in its surface on a glass slide having a 200^m-wide 
evaporated gold stripe. 20 A three-phase laminar flow 
through the channel— a centra] gold-etchant solution, and 
adjacent water streams— selectively removes the gold in 
a strip in the middle of the channel, This etching creates 
two isolated Au electrodes that serve as working and 
counter electrodes. In a subsequent step, flowing the two 
components of a commercial electroless silver plating 
solution laminarly in parallel through the channel results 
in the deposition of a metallic silver wire on the glass at 
the interface between the two phases. Figure 5 also shows 
a typical example of tapering or broadening of a microstruc- 
ture—here the silver wire—along the longitudinal direction 
of the channel as a result of diffusion transverse to the 
direction of flow. After treatment with 1% HC1 to form 
AgCl on the surface, the silver wire serves as the reference 
electrode. We have shown that continuous, conductive 
silver wires as thin as 10 pm can be fabricated by using 
high flow rates (up to 1 m s~ ! ). For the fabrication of the 
silver wire in the three- electrode system, we typically used 
lower flow rates. The lower rates gave wider and less 
uniform wires, but these wires were also desirable (in this 
instance) for durability in use. We successfully recorded 




FIGURE 5. Optical micrographs of the stepwise fabrication of a 
three-electrode systBm using multiphase laminar flow. A PDMS mold 
with a channel system embossed in its surface is placed on a glass 
slide covered with an evaporated gold strip. Two electrodes (counter 
and working) are formed by selectively etching the gold stripe in 
the middle of the channel with a three-phase laminar flow system. 
The gold stripe widens beyond the outer edge of the PDMS 
membrane into contact pads. A silver (reference) electrode is 
fabricated at the interface of a two-phase laminar flow and is 
directed into a side channel toward a contact pad. 

cyclic voltammograms of, for example, a 5-nL volume of 
2 mM Ku(NH 3 )6Cl 3 in water. 20 

Patterning Proteins and Cells on Capillary Surfaces, 
Multistream laminar flow systems are useful in fabricating 
biologically relevant structures and patterns in sizes 
similar to those of cells (typically 5-100 ,wm). Figure 6 
shows three examples of patterning within a capillary: (A) 
proteins adsorbed on the substrate; (B) the location of 
cells; and (Q the delivery of biochemicals to cells. 24 These 
methods will be useful in fabricating microfluidic systems 
for cell-based sensors and screening systems based on 
cells and for studying chemotaxis, cell-cell communica- 
tion, and cellular ecology. 

Conclusions 

Microfabrication with liquids flowing in capillaries has 
characteristics that are fundamentally different from those 
of microfabrication with photolithography. The former 
relies on microfluidic channels to deliver reagents in 
patterns of flowing liquids to specific regions of a surface; 
the latter relies on masks to pattern light. Fabrication of 
the microchannels is a relatively straightforward task, 
using a rapid prototyping strategy based on soft lithog- 
raphy; 19 photolithography usually requires more special- 
ized tools. Microfluidic systems are limited in the patterns 
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FIGURE 6. Examples of biologically relevant patterns generated 
using multiphase laminar flow, (A) Top view of a capillary network 
used for biological patterning. Optical micrographs B— D (fluores- 
cence) represent close-up viaws of the junctions where the inlets 
converge into a single main channel. (B) Creating patterns of proteins 
inside a capillary. Solutions of bovine serum albumin (BSA) and BSA 
colabeled with mannose and fluorescein (man-RTC-BSA) were 
allowed to flow through the designated channels. (C) Patterned 
deposition of cells inside a capillary. Chick erythrocytes and 
Escherichia colt were deposited selectively in their designated lanes 
by patterned flow of cell suspensions. Adherent cells were visualized 
with a fluorescent nucleic acid stain (Syto 9), {D} Using patterned 
flow of media to stain part of the bovine capillary endothelial cells 
that were attached to the entire bottom face of a capillary. Only 
those cells over which a solution of dye (Syto 9) was allowed to 
flow were labeled. Syto 9 and media were allowed to flow from the 
designated inlets. 

they can form; photolithography is a very general method 
of forming patterns. 

The occurrence of laminar flow on the microscopic 
scale allows liquid streams to be maintained as entities 
that are separate and capable of delivering different 
reagents. The width of the separate streams (or the 
interfacial width as governed by the rates of diffusion) 
internal to the channel determines the feature sizes, and 
the relative volumes of the streams control the position 
of the liquid-liquid interfaces. External positioning tools 
or masks determine feature sizes and positions in pho- 
tolithography. The usual problem in microfabrication 
based on photolithography of determining position in 
superimposing patterns in multilayer fabrication (registra- 
tion) translates into a problem of controlling relative rates 
of flow in microfluidic fabrication. 

Microfluidic and photolithographic patterning are suf- 
ficiendy different in the physical principles on which they 
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rest that they are complementary in their applications. 
Fluidic microfabrication inside capillaries is presendy best 
suited for one-at-a-time, research, or proxotyping dem- 
onstrations. Ics strengths are convergence, specific ap- 
plicability to problems involving channels (e.g., microan- 
alytical devices] , and compatibility with biological reagents 
and systems. Photolithography is highly developed for in- 
plane microfabrication and can be used to make many 
devices in parallel Its strengths are generality in pattern- 
ing, the ability to make small features, the ability to 
manufacture small systems in large numbers, and per- 
formance highly optimized for use .with semiconductors 
and ceramics. 

Fluid flow in microchannels allows the fabrication of 
a variety of useful structures ranging from conducting 
organic fibers to electrode systems integrated into mi- 
croanalytical devices. Fluid flow also has the ability to 
deposit or carve away material on the interior surface of 
the capillary, and thus to change the surface properties 
or topography of a channel. Such patterns can have a 
profound effect on the flow profiles, For example, electro- 
osmotic flow in capillaries that are patterned with regions 
of opposite surface charge leads to unusual low-ite flows, 25 
Studies of the details of the fluid flow in microfluidic 
systems— by visualization or modeling— should make it 
possible to fabricate a broader range of structures using 
fluid flow. 26 

Fluid flows have clear potential to pattern delicate 
biological structures. They are also applicable to pattern- 
ing the topography of the surfaces, the proteins absorbed 
on these surfaces, cells attached to those surfaces, and 
the medium to which the cells are exposed. We expect 
these methods to facilitate the study of, for example, cell- 
surface adhesion, chemotaxis, and cell— cell communica- 
tion, and to contribute to cell-based microfluidic sensors. 
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